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ABSTRACT
INTERACTIONS OF THE FRAGILE X PROTEIN FAMILY WITH THE
G QUADRUPLEX FORMING RNA TARGETS

By
Lakshmi Menon
June 2008

Dissertation was supervised by Professor Dr. Mihaela Rita Mihailescu
The absence of fragile X mental retardation protein (FMRP) causes Fragile X
Syndrome, the most common form of inherited mental retardation. FMRP, an RNA
binding protein and, part of large ribonucleoprotein complexes, is proposed to participate
in the transport, localization and translation regulation of specific target mRNAs. How
the absence of this protein leads to mental retardation is not clearly understood. FMRP
has been shown to use its Arginine-Glycine-Glycine (RGG) box to bind with high
affinity to target RNA sequences containing G quadruplex structures. Two of the
proposed mRNA targets of FMRP are the human semaphorin 3F (S3F) mRNA and the
microtubule associated protein 1B (MAP1B) mRNA. The overall objective of this project
is to understand the role played by the G quadruplex structure in the FMRP recognition
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of its mRNA targets. In this study, we demonstrate that S3F/MAP1B RNAs, fold into
parallel intramolecular G quadruplex structures, to which the FMRP RGG box domain
binds with high affinity and specificity. We also analyzed the interactions between the
S3F/MAP1B RNA targets and the two autosomal paralogs of FMRP, the fragile X related
protein 1 and 2.
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Chapter 1
1. Introduction
1.1 Fragile X Syndrome - A new form of mutation
An association between sex linked inheritance and mental retardation had long
been known, but the first description of sex-linked familial mental retardation came in
1943, when Martin and Bell described a family with sex-linked mental retardation
without dysmorphic features (1). In 1969, Lubs discovered that there was an unusual
secondary constriction at the end of the long arm of the X-chromosome in affected males
and in their unaffected female relatives (2). These results were impossible to reproduce
until the importance of the folate-deficient, thymidine-deficient medium, which was used
in the initial studies to culture lymphocytes, was realized (3). Since the 1960s and early
1970s, progress toward mapping the gene involved has been steady and rewarding, and in
1991 the precise genetic defect that causes fragile X syndrome (FXS) was characterized
(4). In the principles of genetic inheritance, it was initially thought that mutated genes
would be transmitted intact to the next generation, however, when the gene responsible
for FXS was cloned in 1991, a new concept of gene mutation emerged, where an unstable
repeat expansion serially mutates upon transmission (5).
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Fragile X Mental Retardation Syndrome (FXMR/ FXS) is the most common form
of inherited mental retardation next to Down’s syndrome (6-8). This syndrome was
named after the cytogenetically visible fragile site present on the X-chromosome at q27.3
site (9). With a prevalence of one in 4000 males and one in 8000 females, FXS has a
large impact on the world population (10). It has also been reported that ~30% of
individuals with the fragile X syndrome have autism (8). Mild to moderate cognitive and
behavioral abnormalities accompanied by macroorchidism (enlargement of testis) and
subtle craniofacial dysmorphia are some of the clinical manifestations of this syndrome
(4, 10, 11). Individuals with both FXS and autism have lowered cognitive abilities,
language problems, and behavioral difficulties compared to those with only FXS.
At the molecular level, FXS is caused by the transcriptional silencing of the fmr1
gene (12). The resulting effects range from learning difficulty and hyperactivity to severe
mental retardation in individuals.
1.2 Fragile X Mental Retardation 1 gene (fmr1) family
The progressive unstable expansion of (CGG)n repeats and the subsequent
hypermethylation of the CpG island in the 5’-untranslated region (5’-UTR) of the fmr1
gene causes the transcriptional inactivation (4,13) of this gene and eventually the absence
of FMR1 protein (which has been named the fragile X mental retardation protein- FMRP)
(13,14), which is now accepted as the basis for the phenotype. The complexity of this
syndrome is increased by the fact that the CGG repeats are not pure, having an AGG
interruption every 9-10 repeat units, the most common allele found being (CGG)9-10 AGG
(CGG)9 AGG (CGG)9. The loss or the lack of this interruption has been proposed to
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correlate with the CGG repeat instability (5). FMRP is absent in the majority of fragile X
patients (14). The length of the trinucleotide expansion correlates with the clinical
severity of the effect (15). In normal individuals, this triplet repeat is polymorphic in
length and content, with 7-52 triplets and a mean of 30. The premutated individuals have
between 60-200 repeats, with an abnormal level of fmr1 mRNA being found in these
individuals. Neurological symptoms may develop in males and occasionally females with
permutated alleles who, with aging, could develop tremor, ataxia, peripheral neuropathy,
and cognitive deficits. Atrophy of the brain and the white-matter disease is usually seen
in these cases (16).
Finally, in individuals with full mutational phenotypes, a massive expansion of
the Cytosine Guanine Guanine (CGG) repeat occurs, beyond 230 triplets and usually
exceeding 700. Triplet repeat amplification also occurs in fragile XE MR (FRAXE),
friedreich ataxia (FRDA), myotonic dystrophy (MD), spinocerebellar ataxia type 8
(SCA8), spinocerebellar ataxia type 12 (SCA12), spinobulbar muscular atrophy (also
called the kennedy disease) and huntington disease. The amplification in each of these
diseases can occur in both sexes at each generation. Like Fragile X, there are a threshold
number of triplet copies required for the symptoms to be visible (17).
As a consequence of the triplet expansion in FXS, the upstream CpG island is
concomitantly methylated. This abnormal methylation indirectly attracts the enzyme
histone deacetylase, the chromatin conformation of the fmr1 gene is altered and the result
is the transcriptional silencing of the gene (4,10,11).
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The fmr1 gene spans about 38 kilobases (kb) and encodes a 4.4 kb transcript
consisting of 17 exons (18, 19). This gene is highly conserved in vertebrates and belongs
to a family that also contains two autosomal paralogs named fxr1 and fxr2 (fragile X
related genes). There is only one homolog for the three genes in Drosophila
melanogaster, called the dfxr (20).
The alternative splicing of fmr1 gene could result in 20 possible FMRP isoforms
but only five or six protein isoforms with molecular weights ranging from 70 to 80 kDa
have been identified, in vivo (21). The major form has a molecular weight of 78 kDa
(22).
1.3 The Fragile X Mental Retardation Protein (FMRP) localization
The fmr 1 gene encodes for the RNA-binding protein, fragile X mental retardation
protein in normal individuals (23). FMRP expression is widespread in human and murine
tissues (24). In situ hybridization experiments with adult mouse tissues revealed that this
protein is found in abundance in the neurons, particularly those of the hippocampus and
Purkinje cells of the cerebellum (22) and in the testes, ovary, esophageal epithelium,
thymus, eye and spleen with a moderate expression in colon, uterus, thyroid and liver.
FMRP is not expressed in the heart, aorta or muscle (11).
In the cell, FMRP is predominantly found in the cytoplasm in association with
poly (A) mRNP complexes derived from the polyribosomes (11, 25). The nuclear
localization of the isoforms lacking the sequence encoded by exon 14 and the
identification of the conserved nuclear localization and export signals (NLS and NES ) in
its sequence suggests that FMRP is a putative nucleocytoplasmic shuttling protein (26).
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1.4 Possible cellular functions of FMRP
The function of FMRP has been extensively studied in the past several years,
however, the cellular role of this protein and how its loss causes mental retardation are
poorly understood. This remains one of the major issues in understanding the biology of
FXS. FMRP is proposed to regulate mRNA transport and translation in a manner critical
for the development of the neurons; hence, the loss of this protein would cause defects in
the proper translation of many mRNAs, explaining the pleiotropic phenotype associated
with FXS (10,11). It is believed that FMRP is involved in a number of interactions with
cytoplasmic nucleic acids, protein partners and ribonucleoprotein (mRNP) particles in
actively translating ribosomes, to achieve this function (figure 1.1 A). Although studies
have shown that FMRP can regulate translation negatively both in vitro and in vivo, the
exact role played by this protein remains elusive (11, 27-31). More recently, it has been
proposed that in fact FMRP may undergo a change of function, from translation repressor
to activator, in response to a neurotransmitter stimulation event (32, 33).It has also been
suggested that FMRP has nucleic acid chaperone properties (34). The significant
conclusion of all these studies was that this protein seems to exert its function through
RNA binding; thus, it is important to define the RNA binding properties of FMRP and
identify its mRNA targets.
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1.5 FMRP is an RNA binding protein
FMRP binds to RNA homopolymers in vitro with a preference for poly (G) >
Poly (U) > poly (A)> poly(C) (35). Independent sequence analysis of this 632 amino acid
protein by Siomi et al. (36) and Ashley et al. (19), revealed the presence of two types of
RNA binding motifs namely the K homology domains (KH) and one arginine-glycineglycine rich region (RGG box) (4,10,11,26). In addition, a NDF motif (N-terminal
domain of FMRP) has been isolated in the N-terminus of FMRP (26).
A.

B.
1-134

N

N

L

KH1
KH2 E
220 -280 281-422 S

S

RGG
527-552

N

632
C

RRGDGRRRGGGGRGQGGRGRGGGFKGNDDHSR
KH : K-homology domain
RGG: Arginine-Glycine-Glycine rich region
NLS : Nuclear localization signal
NES : Nuclear export signal

Figure 1.1(A) Proposed model for neuronal functions of FMRP, where it enters the nucleus, interacts with
other proteins and mRNA targets to form the ribonucleoprotein complexes. FMRP then is involved in the
export of mRNA from the nucleus to the cytoplasm (36). (B) Schematic representation of the fragile X
mental retardation protein (FMRP) domains.
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The KH domain is highly conserved, being found among other RNA-binding
proteins such as hnRNP K, yeast MER-1 splicing regulator, Sam 68 and chicken vigillin
(37,38). The RGG box was first isolated in hnRNP U protein. This RNA binding domain
was proposed to be a predictor of RNA binding activity (39).The RGG box has been
shown to autonomously bind to homopolymeric RNA in hnRNP U, hnRNP A1,
nucleolin, and fibrillarian (38,39). The RGG Box has been thought to bind to RNA nonspecifically.
Initial in vitro homopolymer binding assays performed with translated FMRP and
carboxyl terminal truncated FMRP proteins suggested that the first KH domain is
involved in RNA recognition, whereas the RGG box played a role in increasing the
protein binding affinity for RNA (26,37). It has been reported that the FMRP also
interacts with small noncoding RNAs such as BC1 and BC200, which in turn mediates its
binding to the specific mRNAs (40). This theory is controversial, with recent studies in
five laboratories indicating that the interactions between the BC1 RNA and the FMRP
could not be reproduced either in the in vitro or the in vivo conditions (41, 42). The
progress in the understanding of the RNA-binding properties of FMRP was furthered by
the identification of mRNA targets (10,11).

1.6 mRNA targets of FMRP contain guanine rich sequences proposed to fold into
G quadruplex structures
Although reports available suggest that regions of FMRP have independent roles
in the RNA recognition, the RGG box seems to be pivotal for FMRP: RNA interaction.
The interactions of FMRP with the mRNA targets have been mapped to the RGG box,
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which has been shown to be sufficient for binding in vitro (43-47) and necessary for the
assembly of the RNP complex. Schaeffer and colleagues provided the first evidence that
purified FMRP RGG box has a very high affinity for RNA sequences that have been
proposed to adopt a G quadruplex structure (43). They also suggested that since this
specific and high affinity binding site in the FMRP mRNA interacts with FMRP in vitro
and in vivo, the FMRP may be involved in regulating its own translation (20,43,48).
Darnell and colleagues using the SELEX (systematic evolution of ligands by
exponential enrichment) method, showed that sequences proposed to fold into G
quadruplex structures serve as high-affinity targets for FMRP. Seventy one FMRP
potential mRNA targets have been identified in this study and interestingly, the mRNAs
identified bound to the RGG box of FMRP and not its KH domain . Most of the proteins
encoded by these mRNAs, are important for neuronal functions (44).
In a combined study, Brown et al. (49) used a microarray strategy to identify in
vivo targets of FMRP from mouse brain and also compared the mRNA polysomal profile
from normal and fragile X patient lymphoblast cells. 14 mRNAs were found be common
among the two pools. To identify the mRNAs present in the close vicinity of FMRP in
neurons, Miyashiro et al. performed in situ cDNA synthesis and the comparison of the
results from Brown et al. with those of Miyashiro, revealed 17 mRNAs in common (50).
The most interesting finding was that the mRNAs identified had the potential to form G
quadruplex structures, suggesting that these structures are physiologically relevant to
FXS (10).
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1.7 G quadruplexes are the foundation for the self-assembly of guanosine
For several years now, one of the questions repeatedly raised on G quadruplexes
is: do these structures have a biological relevance? Is there a direct proof of their
existence in living cells? There are no known examples of G quadruplexes in vivo, but
there is growing evidence that DNA and RNA G quadruplex structures could form in
vitro at chromosomal telomeres, gene promoter regions, recombination sites, RNA
packaging sites, and RNA dimerization domains (51, 52). The RNA G quadruplexes have
been proposed to have a number of individual roles including structural (53) translational
regulation (54, 55), intronic splicing (54, 56) and in protein binding (46, 47, 57). The
RNA G quadruplex structures have also been shown experimentally to be more stable
than the DNA G quadruplexes (57). A search of the human genome suggests that about
3000 genes contain G quadruplex motifs in the 5’UTR. These regions have been
proposed to play a regulatory role in controlling transcription (58, 59).
Edges that are self complementary hydrogen-bond donors and acceptors,
polarizable aromatic surface and a strong molecular dipole make guanosine associate
with itself and ideal for stacking (52,59). In 1962, Gellert and co-workers proposed the G
tetrad structure for guanosine gels. They developed a model, from fiber diffraction
studies, that showed the N1-H and N2-H donor atoms of one guanine molecule pairs with
the N7 and O6 atoms of a neighboring guanine molecule to form a G quartet (60). The G
quartet is defined as the planar association of four guanines in DNA (and RNA), held
together by Watson-Crick base pairing and Hoogsteen hydrogen bonds (figure 1.2) (61).
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Intramolecular
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Figure 1.2 Structure of G quadruplexes. Adapted from Han and Hurley, 2000 (61). (A) Shows the
schematic representation G quartet formed through Hoogsteen hydrogen bonding. The G quartets stack to
form parallel or anti-parallel G quadruplex structures. (B) Intramolecular G quadruplex sequences with
either four G rich repeats or long G tracts folded upon themselves. Intermolecular G quadruplexes where
sequences containing two or more G rich repeats form G-G hairpins, which in turn dimerize to form several
types of stable bimolecular quadruplexes. The PDB identities are shown in the figure inset.

Hydrophobic stacking of several G quartets 3.25 Å apart result in the formation of
G quadruplexes (52). Nucleic acids rich in guanine sequences form inter- or intra
molecular G quadruplexes. Cations like K+ or Na+ form cation-dipole interactions with
the eight guanine residues and are located between the two quartets. The quartet stacking
is stabilized by reducing the repulsion between 2 x 4 oxygen atoms and enhancing the
hydrogen bond strength (63). The G quartet structures are disrupted by the presence of
Li+.
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1.8 Human Semaphorin 3F and Microtubule Associated Protein 1B RNA - proposed
mRNA targets of FMRP
In this study, we have chosen two proposed mRNAs rich in G-content, namely the
human semaphorin 3F RNA and the microtubule associated protein 1B RNA, that have
both been identified in vivo and in vitro as potential mRNA targets of FMRP. Moreover,
both these RNAs have been proposed to interact with FMRP via the recognition of a G
quadruplex present in their structure by the protein RGG box domain (32, 44-47).

1.9 Human Semaphorin 3F mRNA (S3F)
The human semaphorin 3F RNA encodes for Sema 3F, a putative secreted protein
belonging to the semaphorin family of proteins, largely identified as signaling proteins
involved in neuronal development. The members of this family have chemoattractant and
repulsion functions and each has the 500 amino acid signature, the semaphorin domain
(64-66). The Sema 3F protein affects axon and cell guidance in the developing nervous
system and may also play a role in the synaptic reorganization in the adult brain. The
expression of the SEMA 3F gene has also been reported to suppress tumor formation in
nude mice and to cause the alteration of the cellular response to drugs inducing apoptosis.
In addition, this protein has been suggested to play an important role in the immune and
cardiovascular systems (64,66,67). It has been shown that FMRP binds to semaphorin
mRNA sequence in vivo (68). FMRP has also been shown to bind human semaphorin
mRNA with a high affinity (Kd = 75 nm) in vitro (44). In addition, this RNA shows a
decrease in the altered polysome association in fragile X cells (68). The G rich sequence
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of this mRNA could fold into G quadruplex structures and does not show multiple
secondary structures when folded with the RNA structure 4.11 software.

1.10 Microtubule Associated Protein 1B RNA (MAP1B RNA)
The microtubule associated protein 1B (MAP1B) mRNA encodes for MAP1B, a
protein that is expressed first during the brain development process and is involved in
modulating microtubule dynamics, neurite extension and synapse development (69).
There is abundant evidence supporting the proposal that MAP1B mRNA is a relevant in
vivo FMRP target. FMRP has been shown to bind to the MAP1B mRNA in vitro with a
Kd = 505 nM. The MAP1B RNA also shows increased altered polysome association in
fragile X cells (44). Ramos et al. showed that this RNA binds to the FMRP RGG Box in
vitro (45). The Drosophila homolog of FMRP reduces the levels of Futsch, a
microtubule-associated protein homolog of the mammalian MAP1B (70). An in vivo
study by Lu et al. showed that FMRP expression governs the translation of MAP1B
RNA: when the levels of FMRP expression increased in the hippocampus, the levels of
MAP1B RNA were found to be down regulated. In vivo studies also show that FMRP
negatively regulates the translation of MAP1B and controls the microtubule stability in
brain neuron development (40, 71). The lack of FMRP has been shown to misregulate the
MAP1B translation affecting the dynamic organization of neuronal cytoskeleton, and
leading to abnormal microtubule stability (40, 71). In addition, FMRP has been shown to
co-localize with ribosomes, ribosomal RNA and MAP1B mRNA (72).
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1.11 Fragile X Mental Retardation related proteins (FXR1P and FXR2P)
FMRP has two autosomal paralogs, namely the FXR1 and FXR2 proteins
(FXR1P and FXR2P), the three proteins collectively forming the fragile X related protein
family (73). The amino acid sequence analysis revealed that the two autosomal paralogs
have ~60% amino acid identity, with regions of 90% sequence identity to FMRP (73, 74).
FXR1P and FXR2P are also cytoplasmic RNA-binding proteins, each containing two KH
domains. The FXR2P is divergent from FMRP and FXR1P in the C-terminal region, in
that it has an RG cluster instead of an RGG box. The FXR proteins have been found to be
associated predominantly with the ribosomal 60S subunit, and the finding that they have
similar RNA binding domains lead to the suggestion that the FXR1P and FXR2P might
compensate for the FMRP function (75). However, the comparison of the expression
levels of each of these proteins in different tissues and cellular distributions suggests that
each of the FXR proteins might have an independent function (76).
Two other FMRP-associated proteins namely, the nucleolin and NUFIP (nuclear
FMRP-interacting protein) have also been identified (47, 77). Although the role played
by these two FMRP interacting proteins or their physiological significance is not yet
known, it has been proposed that they may function as part of the FMRP-RNP complex
and regulate specific RNA metabolism.

FXR2P
p150
p400
FXR FMRP
1P
p115
Nucleolin p48

hnRNPA1

Figure 1.3 Schematic representation of FMRP interacting proteins.
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1.12 Significance of this study
The important idea that has been expressed in this introduction is that the FMRP
associates with polyribosomes and is involved in the translational repression of specific
messenger RNA targets, important for neuronal development. The loss of this protein
would cause defects in the proper translation of many mRNAs, thus explaining the
pleiotropic phenotype associated with FXS. The specific mechanism by which FMRP
recognizes its target RNAs and regulates their translation remains elusive, and has been a
subject of continuous interest. This project aims to understand the molecular basis of
FMRP recognition of its mRNA targets and the role played by the G quadruplex structure
in this process. Beyond the context of the Fragile X Syndrome, this study will provide
additional information about the G quadruplex forming RNA molecules and their
interactions with proteins. Also, the properties of the RGG box RNA binding motif are
characterized in the context of specific RNA binding.

Goal 1. To understand the principles of recognition between G quadruplex forming
S3F/MAP1B mRNAs and the RGG Box of FMRP by using structural and
thermodynamic approaches.
The mechanism by which FMRP recognizes its target RNA has been a subject of
continuous interest. A model for FMRP function suggests that this protein has RNAbinding activity, associates with polyribosomes and is involved in the translational
repression of specific messenger RNA target, important for neuronal development. Since
the role of FMRP as a translation regulator is entirely dependent upon its ability to
interact with and act upon its RNA target, one focus of this study is to understand the
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principles of recognition between the RGG Box of the FMRP and its mRNA targets, the
human semaphorin 3F RNA and the MAP1B RNA. We employ thermodynamic and
structural methods here to determine if the stability and the secondary structure of
semaphorin 3F/MAP1B RNA targets are affected by their interaction with the RGG Box
of FMRP. This aim is of particular interest in the context of fragile X research, because
this would contribute to our ability to identify other in vivo targets of the FMRP.

Goal 2. To define the role played by RGG box in protein-RNA interactions by
comparing the binding of FMRP RGG box to S3F/MAP1B mRNA with that of the
RGG boxes from other RNA-binding proteins.
Recently, FMRP was found to bind with intramolecular G quadruplex forming
RNA via its RGG box (32, 44-47). The RGG boxes were initially thought to increase the
RNA-binding affinity of proteins by non-specific interactions. However, Darnell et al.
reported that the binding between the FMRP RGG box and G quadruplex forming RNA
is specific though the role of RGG box in these interactions remains unclear (44). In this
goal, we investigate if the recognition of the G quadruplex structures is a unique feature
of the FMRP RGG Box. The role played by RGG box specific G quadruplex recognition
was evaluated by comparing the binding activity of the FMRP RGG Box with the RGG
box of the Fragile X retardation protein 1 (FXR1P). The interaction of the RG cluster of
FXR2P with the Human S3F and MAP1B RNA targets was also analyzed.
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Chapter 2
2. Materials & Methods
2.1 Expression and Purification of the T7 RNA polymerase
The expression vector pT7-911Q containing the Histidine-tagged T7 RNA
polymerase gene (a gift from Dr. John Marino, NIST) was first transformed in
Escherichia coli BL21 (DE3) competent cells. These cells were plated on an LB (Luria
Bertani) agar plate containing 100 µg/mL ampicillin and were grown overnight at 37°C.
A single colony was picked from the plate and inoculated into 5 mL of LB containing 5
µg/mL ampicillin. The starter culture was grown at 37°C with shaking at 250 rpm. A total
of 500 µL of an overnight culture of E. coli BL21 (DE3) cells were diluted into 500 mL
of LB medium containing ampicillin (50 µg/mL). The culture was grown at 37 °C until
optical density at 600 nm reached 0.4-0.6. The culture was then induced with 500 µL of
1M IPTG (isopropyl-β-D-thiogalactopyranoside) and the incubation was continued for an
additional 3-4 hours in the same temperature until the optical density of the cell culture
reached 0.8. The cells were harvested by centrifugation at 6000 g for 10 minutes at 4°C
using an Avanti

TM

J-20 XP high-performance centrifuge (Beckman CoulterTM). The

pelleted cells were then stored in a 50 mL tube and placed in the -80°C freezer until
further use. The wet weight of the cells was determined and on average the yield was
6mg /liter of cell culture. The cells were frozen-thawed four times and then resuspended
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in 25 mL of lysis buffer (50 mM Tris pH 8.0, 0.1 M NaCl, 5.0 mM β-mercaptoethanol
and 5% glycerol) containing 1 mM imidazole. 2 mg of lysozyme along with 150 µL of
DNAse in 5 mL of 10X buffer containing 100mM Tris, 25 mM magnesium chloride and
5 mM calcium chloride, pH 7.5 were added to digest the cellular membranes and the
released DNA. The final volume was adjusted to 50 mL with lysis buffer and the reaction
mixture was placed in the -20°C freezer overnight. The following day, the suspension
was centrifuged at 18,000 g for 30 minutes at 4°C to separate the cell debris.
The soluble fraction containing recombinant His-tag T7 RNA polymerase was
loaded onto a Ni-NTA column (Qiagen, Germany) and pre-equilibrated with lysis buffer
containing 1 mM imidazole). Unwanted proteins were washed out with the lysis buffer
containing 10 mM, 50 mM imidazole. The T7 RNA polymerase was eluted using lysis
buffer containing 100 mM imidazole. The protein purity was then confirmed by the
presence of a single band with a molecular weight of ~100 kDa on a 15% SDS-PAGE
gel. For protein visualization, the gels were stained with Coomassie brilliant blue and
destained with destaining buffer (40% ethanol or methanol, 10% acetic acid and water
made up to 100 mL). The purified protein was mixed with glycerol (25%) and sodium
chloride (300 mM) and then stored at −80 °C, frozen in liquid nitrogen.

2.2 In vitro transcription reactions of the unlabeled RNA samples
The unlabeled RNA oligonucleotides (S3F-lg, S3F-M2, MAP1B and Munc-13
site 1) were synthesized by in vitro transcription reactions using T7 RNA polymerase
(produced in-house), following the procedure by Milligan & Uhlenbeck (78). The
synthetic DNA templates were purchased from Trilink Biotechnologies, Inc.
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Several 40 µL transcription reactions were performed to optimize conditions prior
to the large scale transcription reaction. Typically 10 individual reactions were performed
where only one condition (such as the concentration of T7 RNA polymerase, magnesium
chloride or the concentrations of each nucleotide) was varied. Basic transcription reaction
conditions for the large scale reaction were: 40 mM Tris (pH 8.3), 5 mM dithiothreitol, 1
mM spermidine, 0.01% (v/v) Triton X-100, 25 mM magnesium chloride. The
concentrations for the nucleotides were varied according to their occurrence in the RNA
sequence. In the case of MAP1B RNA we used 8 mM GTP, 2 mM ATP, 2 mM UTP and
4 mM CTP; for the semaphorin 3F RNA the concentrations of the nucleotides were 7
mM GTP, 3 mM ATP, 3 mM UTP and 3 mM CTP. The reaction mixtures were adjusted
to a final volume of 10 mL with distilled water. The DNA templates were prepared by
mixing 1.1 mM C-TOP (5’CTA ATA CGA CTC ACT ATA G 3’) and 1 mM DNA for
the respective RNA sequences, S3F-lg 5’-GGG AGG GGG GUG AUU GGA AGG GAG
GGA GGU GGC C UUC C-3’; S3F-M2 RNA 5’-GGC UGG UGA UUG GAA GGG
AGG GAG GUG GCC AGC C -3’; MAP1B RNA 5’- GGC GCU GGG AGA GGG
CGG AGG GGG AGG CGG CGC C-3’ and boiled for 5 minutes and cooled in the same
water bath until the temperature reached 37°C to allow the formation of primer-template
junction. The reaction mixture was incubated with 0.1 mg/mL T7 RNA polymerase for 68 hours at 37°C. The reaction was then arrested by the addition of 1.6 mL EDTA from a
500 mM stock at pH 8.0 followed by 500 µl from a stock of 3 M sodium acetate and
three and a half volumes (~ 45 mL) of ethanol. The reaction mixture was then stored at 20°C for 24 hours.
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(acrylamide/bisacrylamide/8 M urea) at 1200 V, 200 mA, 90 W. The RNA bands, which
were visualized by UV shadowing at 254 nm, were cut and the RNA was extracted by
electrophoretic elution, followed by extensive dialysis against 10 mM Tris (pH 7.5) or 10
mM cacodylic acid (pH 6.5). All experiments were performed with RNA samples that
were annealed by heating at 95°C, followed by slow cooling at room temperature for 20
minutes.

2.3 Peptide Synthesis
The FMRP RGG Box (528-RRGDGRRRGGGGRGQGGRGRGGGFKGNDDHS
R-560), FXR1P RGG Box (433-HQRDSRRRPGGRGRSVSGGRGRGGPRGKSS-463),
the FXR2P RG cluster (475-TRGEESRRRPTGGRGRGPPPAPRP-500) and the hepatitis
C virus core peptide (PRRGPRLGVRATRKTSERSQPRGRRQPIPKVRHQTGRRGSRP
NWGPNDPRRRSRNLGK) were chemically synthesized and purified by the Peptide
Synthesis Unit at the University of Pittsburgh, Center for Biotechnology &
Bioengineering.

2.4 UV Spectroscopy
The UV melting curves of the unlabeled S3F-lg, S3F-M2, MAP1B and of the 2AP labeled S3F-M2_15AP, MAP1B-19AP RNAs were measured using a Varian Cary 3E
spectrophotometer equipped with a Peltier cell. The RNA samples were annealed in the
standard buffer 10 mM cacodylic acid, pH 6.5 or 10 mM Tris, pH 7.5, containing either
150 mM KCl or 150 mM LiCl in a final volume of 200 µL. The experiments were carried
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out in 10 mm path-length quartz cuvettes and the RNA samples were heated from 20°C
to 99°C at a rate of 0.2°C/minute, recording points every 1°C. To prevent evaporation,
mineral oil (Sigma-Aldrich) was layered on top of the RNA samples. Blank samples were
treated in the same manner. Depending upon the RNA concentration, the spectral
absorbance was measured either at 295 or 305 nm, wavelengths that have been previously
identified to be sensitive to G quadruplex dissociation (79). The OD ranges of the RNA
samples at either wavelengths were between 0.1 – 0.8.
To determine if S3F-M2 RNA or MAP1B RNA fold into an intermolecular or
intramolecular conformation, we measured their melting temperatures at different RNA
concentrations in the range 10 - 80 µM for S3F-M2 RNA and 3 – 100 µM for MAP1B
RNA. For intermolecular species with n number of strands, 1/Tm depends linearly on the
natural logarithm of the total RNA concentration (cT):
0
∆S vH
− (n − 1) R ln 2 + R ln n
1
R(n − 1)
=
ln
c
+
T
0
0
Tm
∆H vH
∆H vH

(1)

0
0
and ∆S vH
are the van’t Hoff thermodynamic
where R is the gas constant and ∆H vH

parameters.
For intramolecular species, Tm is independent of the total RNA concentration cT:
n=1 and

0
∆S vH
1
=
0
Tm ∆H vH

(2)

To determine the thermodynamic parameters of G quadruplex formation, the
transition of the G quadruplex dissociation in S3F-M2, S3F-M2_15AP, MAP1B and
MAP1B-19AP RNA was fitted assuming an independent two state model:
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− ∆H
RT
∆S
R

0

e

∆S 0
R

(3)

0
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where AU and AF represent the absorbance of the unfolded and native G quadruplex RNA,
respectively, and R is the universal gas constant.
The number of potassium ion equivalents released upon the melting of the
MAP1B G quadruplex structure was determined by measuring the melting curves of this
RNA in the presence of increasing concentrations of KCl, in the range 0.1 mM – 10 mM.
The RNA: RGG peptide complexes were formed by mixing the RGG boxes of the
FMRP, FXR1P, or the RG cluster of FXR2P with the S3F-M2 RNA or the MAP1B RNA
in a 1:1 ratio, and allowed to equilibrate for 30 minutes. The melting temperature of the
complex of S3F-M2 and the MAP1B with various RGG boxes was determined using the
same parameters described above for the free RNA. All melting curves of the S3F-M2:
RGG peptide and the MAP1B RNA: RGG peptide complexes were corrected for the
peptide contribution by subtracting the melting curves of the corresponding free peptides.

2.5 Circular Dichroism (CD) Spectroscopy
The CD spectra were recorded on a Jasco J-810 spectropolarimeter at 25°C. A 1
mm path-length quartz cuvette (Starna Cells) was used for all experiments. The G
quadruplex formation in the S3F-M2 RNA or the MAP1B RNA structure (at a 10 µM
concentration in 10 mM cacodylic acid, pH 6.5) was monitored by titrating increasing
amounts of KCl from a 4 M stock solution to a final concentration of 150 mM for S3FM2 RNA and 10 mM KCl for MAP1B RNA. The spectra were measured between 200350 nm and corrected for solvent contributions and dilutions. Each spectrum was scanned
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3 times with a 1 s response time and a 2 nm bandwidth. For the binding studies,
increasing amounts of the RGG peptides of FMRP, FXR1P, or the FXR2P RG cluster (0100 µM) were titrated into a fixed concentration of RNA (10 µM) in 10 mM cacodylic
acid, pH 6.5, and 150 mM KCl for S3F-M2 RNA and 10 mM cacodylic acid, pH 6.5, and
10 mM KCl for MAP1B RNA. The CD spectra were recorded after each addition of the
peptide and the interactions were monitored by measuring the molar ellipticity of the
RNA at 264 nm. All spectra were corrected by subtracting the free RGG peptide
contributions at each peptide concentration.
To determine if the addition of a 1:10 RNA: RGG peptide ratio results in the
degradation of the RNA, proteinase K (1µg) (which degrades the RGG peptides) was
added to the 1:10 RNA: RGG peptide complex for 1 hour at 25°C and the CD spectra
were re-recorded and corrected for the presence of proteinase K.

2.6 Fluorescence Spectroscopy
The S3F-M2_15AP RNA used in the fluorescence spectroscopy studies was
constructed by replacing the adenine at the 15th position in S3F-M2 with the fluorescent
analog 2-aminopurine (2-AP) (Dharmacon, Inc). MAP1B-19AP RNA was constructed by
incorporating 2-AP (Dharmacon, Inc) at the 19th position. The pure 2-AP labeled RNAs
were resuspended in sterile deionized water.
Steady state fluorescence spectroscopy measurements of S3F-M2_15AP and
MAP1B-19AP RNA were performed on a J.Y. Horiba Fluoromax-3 with a 150 W ozonefree Xenon arc lamp, equipped with variable temperature control in the sample chamber.
Experiments were carried out in 3 mm path-length quartz cuvettes (Starna Cells), on
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samples with a final volume of 150 µl. The excitation wavelength was at 310 nm and the
emission spectrum was recorded in the range of 330 - 450 nm and the bandpasses for the
excitation and emission monochromators were set at 5 nm.
The binding of the FMRP RGG box to the 2-AP labeled RNAs was measured by
titrating increasing concentrations of the peptide (15 nM from a 10 µM stock solution in
the case of S3F-M2_15AP and 60 nM from a 10 µM stock solution for MAP1B-RNA) to
a fixed concentration of 150 nM S3F-M2_15AP or 400 nM of MAP1B RNA. These
samples were equilibrated for 15 minutes after each peptide addition. The volume
changes in the sample due to each peptide addition varied from 0.6% for the first point to
6% for the last point. Duplicates or triplicates were performed for each experiment and
the standard errors reported for the data uncertainty from the best-fit theoretical curves.
These errors are usually larger than the standard uncertainty of the measurements. The
same procedure was repeated for the FXR1P and the FXR2 RG cluster. The binding
dissociation constant, Kd, was determined by plotting the normalized 2-AP steady-state
fluorescence intensity measured at 371 nm as a function of the FMRP RGG box
concentration and then fitting the binding curves to the equation:

(Kd + [P]t + [RNA]t ) − (Kd + [P]t + [RNA]t ) 2 − 4 • [RNA]t • [P]t
IB
F = 1 + ( − 1) •
IF
2 • [RNA]t

(4)

where I F and I B represent the steady-state fluorescence intensities of the free and bound
S3F-M2_15AP or MAP1B-19AP RNA, [ RNA]t is the total concentration of S3FM2_15AP or the MAP1B-19AP RNA, and [ P ]t is the total RGG box or RG cluster
peptide concentration.
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Competition experiments were performed by monitoring the binding of the
FMRP, FXR1P or RGG peptides to S3F-M2_15AP in the presence of a 10-fold excess of
unlabeled G quadruplex forming Munc-13 site 1 RNA (5’-GGGUUUGAGGCCAUGGG
AGGCAAGGAGCUGGAC-3’) or in the presence of a 6-fold excess of the FXR2P RG
cluster peptide.
Competition experiments for the binding of FMRP RGG Box to MAP1B-19AP
RNA were performed in the presence of a 10-fold excess of unlabeled non-specific G
quadruplex forming Munc-13 site 1 RNA, or in the presence of non-specific singlestranded

rComp4

RNA

(5’-AUUAUUAUUAUUA-3’)

or

DLS_9AP

(5’-

UCACGGCGAPGCUGUGA-3’), a generous gift from Dr. Bruce Armitage (Carnegie
Mellon University). We also performed competition experiments in the presence of a 10fold excess of the non-specific Hepatitis C virus peptide (HCV).
The thermodynamic parameters for the FMRP RGG box binding to S3FM2_15AP and MAP1B-19AP RNA were determined by measuring the Kobs=1/Kd at
different temperatures in the range 20 - 45°C. When the standard enthalpy, ∆H0obs, and
entropy, ∆S0obs, do not depend on temperature, the van’t Hoff plot is linear and shows
dependence of ln(Kobs) upon 1/T. In this case, the standard enthalpy and entropy of
binding were then determined from the slope and intercept of the graph:

R ln K obs = ∆S b0 −

1
∆H b0
T

(5)

The van’t Hoff plot for the FMRP RGG box binding to the MAP1B RNA is nonlinear, since ∆H0obs and ∆S0obs depend on temperature. The entropy and enthalpy changes
at different temperatures were calculated by obtaining the heat capacity change of the
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system, ∆C p0 obs and the temperatures, TH and TS, (the temperatures where ∆H0obs= 0 and
∆S0obs= 0, respectively), at which the enthalpy and entropy do not make any contributions
to the Gibbs free energy of the system:
0
∆H obs
= ∆C p0 obs (T − TH )

(6)

0
∆S obs
= ∆C p0 obs ln(T / TS )

(7)

The heat capacity change ∆C p0 obs and the TH and TS values for the non linear
van’t Hoff plot were determined from the fit of the following equation (80, 81):
ln K

obs

=

∆C

0
p obs

R

TS
⎡TH
⎤
⎢ T − ln T − 1 ⎥
⎣
⎦

(8)

The temperature dependence of the change in the standard enthalpy and entropy
(∆H0obs and ∆S0obs) at various temperatures, was determined using equations 6 and 7.

2.7 NMR Spectroscopy

The one dimensional (1D) 1H NMR spectra of S3F-M2 RNA , MAP1B RNA or
Munc 13 site 1 RNA were acquired at 29°C on a 500 MHz Varian Unity Plus
spectrometer or on a 500 MHz Bruker AVANCETM spectrometer. The water suppression
was accomplished using the jump-and-return pulse sequence (82) with the maximum of
excitation set at 11 ppm or using the Watergate pulse sequence (83). S3F-M2 RNA (387
µM), MAP1B RNA (500 µM) or Munc 13 site 1 RNA (263 µM) were prepared in 10 mM
Tris (pH 7.5) at a 90% H2O/10%D2O ratio. To observe the G quadruplex formation, each
sample was titrated, with increasing concentrations of KCl up to 150 mM from a 4 M
stock solution for S3F-M2 RNA, and up to 10 mM KCl for MAP1B RNA.The melting of
the S3F-M2 RNA and the MAP1B RNA stem structures was monitored by recording the
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1D 1H NMR spectrum at different temperatures in the range of 20-60°C for S3F-M2 and
20-75°C for MAP1B RNA. These experiments were performed on a Bruker AVANCETM
500 MHz NMR spectrometer.
For the binding studies, the FMRP RGG box was titrated into the S3F-M2 RNA
or the MAP1B RNA in increasing ratios up to 1:10, allowing the sample to equilibrate for
20 minutes after each peptide addition.

2.8 Electrophoretic Mobility Gel Shift Assay (EMSA)

EMSA reactions were performed in a total volume of 15 µl. The RNA: peptide
complexes were prepared by mixing the RGG peptides with S3F-M2 or S3F-M2_15AP /
MAP1B or MAP1B-19AP RNA (10 µM) in 1:1 or 1:2 ratios. The RNA: peptide
complexes were prepared by pre-incubating the RNA with the RGG peptides or the RG
cluster for 20 minutes at room temperature. The free and the bound RNA were suspended
in 10 mM cacodylic acid and 150 mM KCl for S3F-M2 RNA and 10 mM KCl for
MAP1B RNA. The complex formation was then resolved on 15% non-denaturing
acrylamide gels that were run in the presence of 75 mM KCl, at 35 V for S3F-M2 RNA
and in the presence of 10 mM KCl at 35 V and 4°C for MAP1B RNA. The
electrophoretic mobilities of the free RNA and the RNA: peptide complexes were
visualized by UV-shadowing at 254 nm, using an AlphaImager HP (AlphaInnotech, Inc.).
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Chapter 3
3.Human Semaphorin 3F mRNA
3.1 Semaphorin 3F mRNA adopts a G quadruplex structure

Human semaphorin 3F mRNA was identified to be a potential in vivo target of the
FMRP, based on the fact that its mRNA contains a guanine rich sequence that could
possibly fold into a G quadruplex structure (44). The interactions of FMRP with this G
rich sequence of semaphorin mRNA have also been visualized in living mammalian cells
(68). Moreover, the mutation of the GG doublets proposed to be involved in the G
quadruplex formation has also been shown to abolish the RNA-protein interactions (68),
supporting the idea that the FMRP recognizes the S3F RNA via a G quadruplex motif.
To demonstrate that the S3F RNA folds in to a G quadruplex structure, we first
expressed and purified a 38-nt RNA, named the S3F-lg which contained the 34-nt G-rich
fragment of human semaphorin 3F mRNA proposed to interact with FMRP. Four extra
nucleotides (GGGA) were added at its 5’-end for transcription purposes (figure 3.1) (44).
It is well known that the G-rich nucleic acid sequences fold in to G quadruplexes
in the presence of cations like K+, by forming cation-dipole interactions with the guanine
residues (52). The CD spectrum of S3F-lg folded in the presence of K+ ions shows a
positive peak at 264 nm and a negative one at 243 nm , both signatures of a type I parallel
type G quadruplex (figure 3.2), confirming the presence of these structural elements in
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this RNA. However, the type of fold can be confirmed only by determining the highresolution structure of S3F-lg RNA.

3’
5’

Figure 3.1 Secondary structure of the human semaphorin 3F mRNA (S3F-lg) fragment used in this study
generated using the RNA structure 4.1 software (84).
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Figure 3.2 CD spectrum of 10 µM S3F-lg RNA in 10 mM cacodylic acid buffer containing 150 mM KCl,
pH 6.5.
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Next, we measured the UV spectroscopy thermal denaturation profile of S3F-lg
RNA at 305 nm (79). The S3F-lg melting curve shows a characteristic hypochromic
transition between 52°-72°C, corresponding to G quadruplex dissociation (79) (figure
3.3), indicating the presence of a G quadruplex structure in this RNA.
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Figure 3.3 UV thermal denaturation profile of S3F-lg RNA (10µM) in 10 mM cacodylic acid buffer pH
6.5 containing 150 mM KCl.

To obtain higher resolution information about the structure of S3F-lg RNA, we
used one-dimensional (1D) 1H NMR spectroscopy. Very broad resonances corresponding
to imino protons involved in G quartets were observed in the 10-12 ppm proton region
(figure 3.4). The broadening of these resonances is due to exchange of the RNA between
different conformations. No imino proton resonances were observed in the 12-14 ppm
region that corresponds to Watson-Crick base pairs, indicating that the stem structure
proposed in figure 3.1 does not exist in S3F-lg (figure 3.4). The addition of the extra four
nucleotides (GGGA) contributes to uninterrupted stretch of ten purines at the beginning
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of the S3F-lg sequence, possibly promoting the folding of this RNA into an alternate G
quadruplex structure.

Figure 3.4 1D 1H NMR spectrum of S3F-lg RNA (263µM) in 10 mM Tris pH 7.5 and 150 mM KCl
concentration.

To determine if S3F-lg RNA forms alternate G quadruplex structures in vitro we
used native gel electrophoresis, and indeed two conformations were observed on a 15%
native gel performed in the presence of 75 mM KCl at all RNA concentrations
investigated (figure 3.5).

S3F-lg RNA
1

2

3

4

5

6

Figure 3.5 15% native gel electrophoresis performed in the presence of 75 mM KCl at different S3F-lg
RNA concentrations: 1.5 µM (lane 1), 6 µM (lane 2), 10 µM (lane 3), 20 µM (lane 4), 30 µM (lane 5), 50
µM (lane 6).
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To promote the folding of S3F-lg RNA into a single conformer we first removed
the four GGGA nucleotides added only for transcription purposes (44). Next, we
introduced specific point mutations at positions 3 (G to C) and 4 (G to U) and at the
complementary positions 31 (U to A) and 32 (U to C), respectively (labeled in blue in
figure 3.6) to interrupt the stretch of six consecutive guanines in the region proposed to
fold into a stem. This mutated RNA was named S3F-M2 RNA.

U
C

AA
GG

Figure 3.6 Secondary structure of the S3F-M2 RNA fragment with the mutated base pairs highlighted in
blue.

To determine if S3F-M2 RNA maintains the ability to form a G quadruplex
structure, we first used CD spectroscopy. The CD spectrum of S3F-M2 RNA showed the
spectral features of a type I G quadruplex CD spectrum, when increasing concentrations
of KCl were titrated into a fixed concentration of S3F-M2 RNA (10 µM in 10 mM
cacodylic acid buffer), namely a positive band at 263 nm and a negative band at 238 nm
(figure 3.7).
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Figure 3.7 CD spectra showing the G quadruplex formation in S3F-M2 RNA by titrating increasing
concentrations of KCl.

The native gel electrophoresis of S3F-M2 RNA indicated that at concentrations
lower than 10 µM this RNA exists in a single conformation, whereas at higher
concentrations S3F-M2 adopts more conformations.

S3F-M2 RNA

1

2

3

4

5

6

7

Figure 3.8 Native gel of different concentrations of S3F-M2 RNA. Lane 1 - S3F M2 RNA (3µM), Lane 2
- 6µM, Lane 3 - 10µM,Lane 4 - 20µM Lane 5 - 30µM, Lane 6 - 50µM,Lane 7 - 100µM
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We also monitored the formation of the S3F-M2 G quadruplex by 1D 1H NMR
spectroscopy. Resonances corresponding to imino protons involved in G quartets, as well
as resonances corresponding to Watson-Crick base pairs, indicated the presence of both a
stem and a G quadruplex in the structure of this RNA (figure 3.9). The imino proton
resonances of the G quadruplex were very broad, consistent with an exchange between
the different S3F-M2 conformers formed at the high RNA concentration required when
using this technique. Resonances of the Watson-Crick imino protons also become much
broader upon addition of increasing KCl concentrations supporting the evidence that the
RNA is exchanged between different conformations. These findings did not allow us to
pursue high resolution NMR spectroscopy studies of the S3F-M2 RNA structure.

150 mM KCl

75 mM KCl

20 mM KCl

10 mM KCl

0 mM KCl

Figure 3.9 1D 1H NMR spectrum of S3F-M2 RNA (387µM) in 10 mM Tris pH 7.5 and various KCl
concentrations.
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3.2 Thermodynamics of G quadruplex formation in S3F-M2 RNA

To obtain the thermodynamic parameters of G quadruplex formation in S3F-M2
RNA we employed UV spectroscopy. The UV thermal melting profile of 10 µM S3F-M2
RNA folded in the presence of 150 mM KCl shows a hypochromic transition between 3867ºC (indicated in red in figure 3.10A), and a hyperchromic transition starting around
75°C. We assigned the 38-67°C hypochromic transition with a melting point ~ 52°C, to
the S3F-M2 RNA G quadruplex dissociation (79).This transition was not observed when
the RNA was folded in the presence of 150 mM LiCl (figure 3.10B), since G
quadruplexes do not form in the presence of Li+ ions.
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Figure 3.10 UV thermal denaturation profile of S3F-M2 RNA (10µM in 10 mM cacodylic acid buffer,
containing either 150 mM KCl (A) or 150 mM LiCl (B).
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First, we measured the reversibility of the melting curves of S3F-M2 RNA in the
range 25-70°C and 25-99°C, respectively (figure 3.11 A and B) to rule out the possibility
that the hyperchromic transition starting around 75°C is due to the RNA degradation at
high temperatures. As seen in figure 3.11 these curves are superimposable.
B
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Figure 3.11 Reversible UV melting profiles of S3F-M2 RNA (10µM) containing 150 mM KCl from (A)
25-70οC and 70-25οC (B) 25-99○C and 99-25οC.

We hypothesized then that the hyperchromic transition starting at 75°C in the
presence of K+ corresponds to the melting of the S3F-M2 stem structure (47). To test this
hypothesis we constructed a S3F RNA from which the stem region has been removed
(S3F-sh). First, we established that S3F-sh RNA maintains the ability to form a G
quadruplex structure, as evidenced by its type I CD spectrum (positive band ~265 nm and
negative band ~ 240 nm) and the presence of G quartet imino proton resonances in its 1D
1

H NMR spectrum (data not shown). The UV thermal denaturation profile of S3F-sh

RNA measured at 305 nm shows a 40-65°C hypochromic transition, corresponding to a
G quadruplex melting point of ~52°C (figure 3.12). However, the hyperchromic
transition starting around 65°C is still present in the UV melting profile of S3F-sh, which
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lacks a stem structure (figure 3.12) suggesting that the hyperchromic transition observed
in the UV melting profile of S3F-M2 RNA, is not due to the melting of its stem structure.
The S3F-M2, S3F-sh and S3F-lg RNAs have an uninterrupted stretch of fourteen purines
(starting at G12 for S3F-M2 RNA- figure 3.6). It is possible that upon the melting of the
G quadruplex structure, the liberated rG residues stack with their rA nearest neighbors,
and these rG-rA stacks will melt at increasing temperatures, giving rise to the
hyperchromic transition observed above 65°C (46, 84,85).
The comparison of the melting points of the G quadruplex structures formed by the
S3F-sh, S3F-M2 and S3F-lg RNAs shows that the S3F-sh forms a similar G quadruplex
structure (Tm~ 52°C) to S3F-M2 RNA. This result indicates that the mutations introduced
in the stem of S3F-M2 RNA do not affect the ability of the G quadruplex forming

Absorbance at 305nm

sequence to fold into a structure similar to that of the wild type S3F-lg.
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Figure 3.12 UV thermal denaturation profile of S3F-sh RNA (10µM) in 10 mM cacodylic acid buffer, pH
6.5 containing 150 mM KCl.
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To determine if S3F-M2 RNA forms an intramolecular or an intermolecular G
quadruplex structure, we measured its melting temperature at various RNA
concentrations in the range 10-80 µM. At concentrations of RNA lower than < 10 µM,
S3F-M2 RNA favors the formation of a single species, with a melting temperature Tm of
~52°C (figure 3.13 A blue trace) whereas at higher RNA concentrations, a second
hypochromic transition appears in the range 63-86°C, corresponding to a new S3F-M2
conformation with a melting temperature of ~79°C (figure 3.13 A red trace). The Tm of
the 38-67°C hypochromic transition is independent of the RNA concentration (figure
3.13 B), indicating that the G quadruplex conformation formed by S3F-M2 at low RNA
concentrations is intramolecular.
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Figure 3.13 (A) UV-melting profiles of S3F-M2 RNA in 10 mM cacodylic acid, pH 6.5 containing 150
mM KCl at the following RNA concentrations: 10 µM (blue trace), 20 µM (gray trace), 50 µM (red trace).
(B) Plot of the melting temperature of the S3F-M2 RNA G quartet as a function of the RNA concentration.
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The standard enthalpy, entropy and free energy of G quadruplex formation in
S3F-M2 RNA, were obtained by fitting the 38-67°C hypochromic transition to equation 3
(materials and methods), and are summarized in table 3.1. The values of the
thermodynamic parameters for G quadruplex formation (∆H0 = -43.1 ± 0.1 kcal/mol and
∆G0 = -3.6 ± 0.1 kcal/mol) are consistent with the presence of two G quartet planes in the
structure of S3F-M2 RNA (the enthalpy of formation of a single G quartet plane in an
intramolecular G quadruplex, measured in similar experimental conditions, ranges from 18 to -25 kcal/mol (87).

Molecule

Tm(°C)

∆H°VH
(kcal/mol)

∆S°VH
(calmol-1K-1)

∆G°VH at 25°C
(kcal/mol)

S3F-M2

51.6 ± 0 .1

-43.1 ± 0.1

-132.1 ± 0.4

-3.6 ± 0.1

Table 3.1 Thermodynamic parameters for the formation of the G quartet structure of S3F-M2 RNA.

We have proposed a possible model of S3F-M2 RNA structure consistent with
these results, in which two G-tetrads are stacked in a parallel manner (figure 3.14).
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Figure 3.14 Proposed G quadruplex parallel structure of S3F-M2 RNA.
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3.3 Thermodynamics of FMRP RGG box binding to S3F-M2 RNA.

To analyze the interactions of the FMRP RGG box with the G quadruplex
forming S3F-M2 RNA we employed fluorescence spectroscopy. The adenine nucleotide
at the 15th position in S3F-M2 RNA was replaced by the highly fluorescent purine analog
2-AP (highlighted in red in figure 3.14), this RNA being named S3F-M2_15AP. Based
on previous studies in our laboratory, we anticipated that the 2-AP at the 15th position
will be a sensitive reporter of the G quartet formation (46).
The steady-state fluorescence of 2-AP is affected by stacking interactions, and
we expected to observe a change when S3F-M2_15AP RNA is folded in the presence of
K+ versus Li+, since the structures formed by the RNA in the presence of these ions are
very different. As seen in figure 3.15B the steady state fluorescence of S3F-M2_15AP
increases 5-fold when the RNA is folded in the presence of KCl (forming a G quadruplex
structure in which the 2-AP reporter is located in a G quadruplex surrounding loop) as
compared to the case when it is folded in the presence of LiCl (that does not promote G
quadruplex formation). This result establishes that the 2AP in S3F-M2_15AP RNA
reports on the G quadruplex structure formation. In a control experiment we determined
by electromobility shift assay that the FMRP RGG box binds identically to S3F-M2 and
S3F-M2_15AP RNAs (figure 3.15A).
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Figure 3.15 (A) EMSA of the FMRP RGG box binding to S3F-M2 (lanes 1 and 2) and S3F-M2_15AP
RNA (lanes 3 and 4). The RNA concentration was 10 µM and the FMRP RGG box was used in a 1: 1 ratio.
(B) The 2AP at the 15th position of the S3F-M2_15AP RNA is sensitive to the G quartet structure
formation as indicated by the steady state fluorescence of S3F-M2_15AP in 150mM KCl (blue trace) or
LiCl (black trace).

To obtain quantitative information about the binding of the FMRP RGG box to
S3F-M2_15AP RNA, we titrated increasing concentrations of the FMRP RGG peptide to
a fixed concentration of S3F-M2_15AP RNA and monitored the steady state fluorescence
change of the 2-AP reporter (figure 3.16). The FMRP RGG box binding curve was fitted
to equation 4 (materials and methods), determining a dissociation constant, Kd, of 0.7 ±
0.3 nM, which corresponds to a free energy of binding ∆G°b of (-12.5 ± 0.2) kcal/mol.
Our value for Kd is smaller by two orders of magnitude than the value of 75 nM reported
by Darnell et al. (44).Two S3F conformers exist even at low RNA concentrations (figure
3.5), so it is quite possible that Darnell et al. measured the binding of the FMRP to both
S3F conformers. In our study, we have measured the FMRP RGG box binding to the
single conformer adopted by the S3F-M2 RNA at nanomolar concentrations.
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Two negative control experiments were also performed. We used an RNA named
Sc1-sh, for which previous reports indicate that it does not bind to the FMRP RGG box
(46). Sc1-sh RNA forms a G quadruplex, but lacks a stem structure. In our experiment we
titrated increasing amounts of the FMRP RGG box into a solution of 2-AP labeled Sc1-sh
RNA in which the 2-AP reporter is located in one of its G quadruplex surrounding loops.
In the second negative control experiment, increasing amounts of the FXR2P RG cluster,
a non-binding peptide, were titrated into S3F-M2_15AP RNA.
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■S3F-M2_15AP + FMRP RGG box
●sc1-sh + FMRP RGG box (negative control)
▲S3F-M2_15AP + FXR2P RG Cluster
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Figure 3.16 Increasing concentrations of FMRP RGG box were titrated into a solution of 150 nM S3FM2_15AP in 10mM cacodylic acid, pH 6.5 containing 150 mM KCl. Sc1-sh RNA, which forms a G
quartet but does not have a stem in its structure, has been used as a negative control (45). The binding of
FMRP RGG Box to the S3F-M2 in the presence of a 6-fold excess FXR2 RG peptide is also shown.
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We noted that the FMRP RGG box binds tighter to S3F-M2 RNA than to Sc1 RNA,
a model system G quadruplex target of FMRP (44,46) by approximately one order of
magnitude: Kd of 0.7 nM for S3F-M2 RNA versus 7 nM for Sc1 RNA. The sequence
analysis of these two RNA molecules reveals differences in the G quadruplex
surrounding loops and in the junction connecting the G quadruplex structure with the
stem, which likely account for the difference in their binding by the FMRP RGG box.
The Kd values of the S3F-M2_15AP RNA: FMRP RGG complex were also
measured in the presence of a 10-fold excess of non specific RNAs, as well as in the
presence of a 6-fold excess of a non-specific peptide to determine, if the FMRP RGG box
binds specifically to S3F-M2_15AP RNA. We demonstrate that the presence of a 6-fold
excess of the FXR2 RG peptide does not affect the binding of the FMRP RGG box to
S3F-M2_15AP RNA as seen from the value of the dissociation constant (Kd = 0.6 ± 0.3
nM) (figure 3.17 ). The dissociation constant values of the S3F-M2_15AP RNA-FMRP
RGG complex were also measured in the presence of a 10-fold excess of Munc 13 site 1
RNA (Kd = 0.8 ± 0.5 nM) and found to be similar to those measured in the absence of
the non-specific RNAs. These results indicated that the FMRP RGG box binds
specifically and with high affinity to the S3F-M2_15AP RNA G quadruplex structure.
To characterize the thermodynamics of binding between the FMRP RGG box and
S3F-M2_15AP RNA we have determined the enthalpy and entropy of binding by
measuring the equilibrium association constant, Kobs=1/Kd, as a function of temperature.
The thermodynamic parameters of binding (summarized in table 3.2) were determined
from the slope and intercept of the linear Van’t Hoff plot of ln (Kobs) versus 1/T. The
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change in enthalpy (∆H0) in this plot is independent of temperature (equation 5 and figure
3.18).
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Figure 3.17 Binding of the FMRP RGG box to S3FM2_15AP in the absence (black triangles, Kd= 0.7 ±
0.3 nM) and presence (blue circles, Kd= 0.8 ± 0.5 nM) of a 10-fold excess of Munc-13 site 1 RNA or of a
6-fold excess of FXR2 RG cluster (red circles, Kd= 0.6 ± 0.3 nM).

The association of FMRP RGG box with S3F-M2_15AP RNA was found to be
enthalpically driven, ∆Hb0 = -41.4 ± 3.9 kcal/mol, with an unfavorable entropic
contribution T∆Sb0 = -28.9 ± 3.8 kcal/mol. Favorable negative enthalpy changes are
generally associated with the contributions from hydrogen bonds, van der Waal's or
electrostatic interactions, whereas a decrease in the conformational flexibility or the
exposure of hydrophobic residues to the complex surface are associated with unfavorable
entropy changes. The association between Sc1 RNA with the FMRP RGG box has also
been reported to be enthalpically driven, with an unfavorable entropic change (45).
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However, as shown in chapter 4, this result cannot be generalized since the FMRP RGG
box binding to MAP1B RNA is enthalpically driven only at temperatures higher than
30°C (32).
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Figure 3.18 The association constant, Kobs=1/Kd for the S3F-FMRP RGG complex was determined as a
function of temperature.

Molecule
S3F-M2_15AP +
FMRP RGG box

∆H°b
(kcal/mol)

∆S°b
(calmol-1 K-1)

-41.4 ± 3.9

-96.9 ± 12.7

∆G°b
(kcal/mol)
-12.5 ± 0.4

Table 3. 2. Thermodynamic parameters for the binding of FMRP RGG box to S3F-M2_15AP RNA.
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Next, we evaluated the role played by electrostatic interactions in the S3FM2_15AP RNA: FMRP RGG box recognition by measuring the association constant
Kobs= 1/Kd in the presence of increasing salt concentrations in the range 150-1000 mM.
The dependence of Kobs on the concentration of monovalent salt concentrations is known
as the salt dependence ∂log Kobs/∂log [M+]. We found that within experimental error
there was no change in Kobs in the presence of increasing KCl concentrations in the range
150-1000 mM KCl (figure 3.19 and table 3.3 ), indicating that electrostatic contributions
do not dominate the association between the FMRP RGG box and the S3F-M2_15AP
RNA.
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Figure 3.19 The binding of FMRP to S3F-M2_15AP RNA measured at different salt concentrations: 150
mM, 250 mM, 400 mM and 1000 mM KCl .
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KCl (mM)

Kd (nM)

150

0.7 ± 0.3

250

0.8 ± 0.2

400

0.7 ± 0.2

1000

1.1 ± 0.3

Table 3.3 The dissociation constants measured for the binding of S3F-M2_15AP RNA with the FMRP
RGG box at different salt concentrations.

3.4 The FMRP RGG box binding stabilizes the G quadruplex structure of S3F-M2
RNA

To determine if the FMRP RGG box binding affects the stability of the G
quadruplex structure of S3F-M2 RNA, we measured its melting temperature when the
RNA is in complex with the RGG peptide. The 38-67°C UV hypochromic transition
corresponding to G quadruplex dissociation in the free RNA is now shifted in the range
42-78°C, corresponding to an increase of the G quartet structure Tm from ~52°C to ~65°C
(table 3.4). Thus, in a 1:1 ratio, the FMRP RGG box increases the stability of S3F-M2 G
quadruplex structure. The UV melting curve of the S3F-M2 RNA: FMRP RGG box
complex shown in figure 3.20 has been corrected by subtracting the UV melting curve of
the free FMRP RGG box peptide. Upon binding the RGG peptide, a second hypochromic
transition appears in the range 79-91°C, indicating that the peptide promotes the
formation of an alternate more stable structure of S3F-M2 RNA.
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Figure 3.20 UV melting profile of 10 µM S3F-M2 free RNA (blue trace) and in a 1:1 ratio with the FMRP
RGG box (green trace).

Molecule

Tm(°C)

∆H°VH
(kcal/mol)

∆S°VH
(calmol-1K-1)

∆G°VH at 25°C
(kcal/mol)

S3F-M2

51.6 ± 0 .1

-43.1 ± 0.1

-132.1 ± 0.4

-3.6 ± 0.1

S3F-M2 +
FMRP RGG

64.7 ± 0.1

-38.6 ± 0.1

-114.3 ± 0.3

-4.5 ± 0.1

Table 3.4 Thermodynamic parameters for the binding of FMRP RGG Box to the G quartet structure of
S3F-M2 RNA.
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The G quadruplex structure of Sc1 RNA has also been reported to be stabilized by
the FMRP RGG box (46), however to a different extent. Only a small fraction of the
FMRP RGG box binding free energy is used to stabilize the S3F-M2 RNA G quadruplex
structure, whereas in contrast, in the case of Sc1 RNA a significant fraction of the
binding free energy is used to stabilize its G quadruplex structure (47).

3.5 Interactions of the G quadruplex of S3F-M2 RNA with the Fragile X protein
family

To determine if the recognition of the G quadruplex structure in the S3F-M2 RNA
is a unique feature of the FMRP RGG box or if it is a property shared by the FMRP
autosomal paralogs FXR1P and FXR2P, we first performed gel electrophoresis shift
assays. We observed that the S3F-M2 RNA is bound by the FXR1P RGG box but not by
the FXR2P RG cluster (figure 3.21, compare lanes 3 with 4 and lanes 5 with 6). The
FXR1P has an RGG box domain and FXR2P has an RG cluster.

FMRP RGG box FXR2P RG Cluster

FXR1P RGG box

1

2

3

4

5

6

1:0

1:2

1:0

1:2

1:0

1:2

Figure 3.21 EMSA of the binding of S3F-M2 RNA by the FMRP RGG box (lanes 1 & 2), FXR2P RG
cluster (lanes 3 & 4) and FXR1P RGG box (lanes 5 & 6). The RNA concentration was 20 µM and the
peptides were in a 1:2 ratio with the RNA.
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To quantify the binding of the FXR1P RGG box with the S3F-M2_15AP RNA we
used fluorescence spectroscopy. Increasing amounts of the FXR1P RGG box were added
to a fixed amount of the S3F-M2_15AP RNA (figure 3.22). The dissociation constant of
the S3F-M2_15AP RNA: FXR1P RGG box complex was found to be Kd = 55.0 ± 3.8
nM, indicating that S3F-M2_15AP RNA is recognized by FXR1P with high affinity.
To determine if the FXR1P RGG box binds specifically to S3F-M2_15AP RNA we
measured their binding curve in the presence of an excess of either a non-specific RNA
(Munc13 RNA), or of the non-specific FXR2 RG peptide (figure 3.22). The dissociation
constants in the presence of a 10-fold excess of Munc-13 site 1 RNA was found to be
Kd= (55.1 ± 4.2 nM) and in the presence of a 6-fold excess of the FXR2 RG cluster was
Kd= (53.8 ± 2.8 nM), indicating that the association between the S3F-M2_15AP RNA
and the FXR1 RGG Box domain is specific in nature.

Normalized fluorescence
intensity at 371nm

1.0

▲FXR1+ S3F-M2_15AP
● FXR1+ S3F-M2_15AP+Munc-13
● FXR1+S3F-M2_15AP+FXR2 RG Cluster

0.8

0.6

0.4

0

200

400

600

800

1000

FXR1 RGG Box (nM)

Figure 3.22 Binding of the FXR1P RGG box to S3F-M2_15AP RNA in the absence (green triangles, Kd=
55.0 ± 3.8 nM) and presence of a 10-fold excess of Munc-13 site 1 RNA (orange circles, Kd= 55.1 ± 4.2
nM) or presence of a 6-fold excess of FXR2 RG cluster (blue circles, Kd= 53.8 ± 2.8 nM).
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The effects of the FXR1P RGG box and the FXR2P RG cluster on the
intramolecular G quadruplex structure of S3F-M2 RNA were investigated by comparing
the UV spectra of the free RNA with those of the RNA in complex with the RGG
peptides. The peptides were added to the RNA in a 1:1 ratio and the melting curves were
measured at 295 nm by UV spectroscopy. As shown in figure 3.23A, the 38-67°C UV
hypochromic transition corresponding to the G quadruplex dissociation in the free RNA
is shifted in the range 50-72°C when the RNA is complexed with the FXR1 RGG box,
corresponding to a Tm of ~61°C (table 3.5), suggesting that the FXR1 RGG box stabilizes
the G quadruplex structure of S3F-M2 RNA. Similar to the FMRP RGG box, the FXR1
RGG Box induces the formation of an alternate G quadruplex structure in S3F-M2 RNA
upon binding. Analysis of the FXR2 RG cluster upon the G quadruplex structure of S3FM2 RNA showed that this peptide has no effect upon the stability of the RNA (table 3.5)
and it does not promote the formation of a secondary alternate structure (figure 3.23B)
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Figure 3.23 (A) UV melting profile of free 10 µM S3F-M2 RNA (blue trace) and in a 1:1 ratio with the
FXR1P RGG box (red trace). (B) UV melting profile of free 10 µM S3F-M2 RNA (blue trace) and in a 1:1
ratio with the FXR2P RG (light green trace).
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Molecule

Tm(°C)

∆H°VH
(kcal/mol)

∆S°VH
(calmol-1K-1)

∆G°VH at 25°C
(kcal/mol)

S3F-M2

51.6 ± 0 .1

-43.1 ± 0.1

-132.1 ± 0.4

-3.6 ± 0.1

S3F-M2 +
FXR1P RGG

60.6 ± 0.1

-50.7 ± 0.1

-152.1 ± 0.4

-5.4 ± 0.1

S3F-M2 +
FXR2P RG

53.0 ± 0.2

-39.7 ± 0.1

-121.6 ± 0.7

-3.4 ± 0.1

Table 3.5. Thermodynamic parameters for the S3F-M2 RNA G quartet formation in the presence of
FXR1P RGG Box and the FXR2 RG cluster.

3.6 The FMRP and FXR1P RGG box binding in superstoichiometric amounts
unwind the S3F-M2 G quadruplex structure.

To investigate the effect of the FMRP and FXR1P RGG boxes on the
intramolecular G quartet structure of S3F-M2 RNA, we compared the CD spectra of the
free RNA with those of the RNA in complex with the RGG peptides. At a 1:1 ratio of
S3F-M2 RNA: RGG peptide,the intensity of the CD band at 263-238 nm was almost
unchanged, for both the FMRP and FXR1P RGG boxes (figure 3.24 A and B ). Both
peptides induced the unstacking of the G qudruplex structure of S3F-M2, as reflected by
a decrease of intensity of the 263 nm CD band as well as a shift to 265 nm at higher ratios
of the RNA: RGG box. We also performed the same experiment in the presence of the
non-binding FXR2 RG cluster as a negative control (figure 3.25).
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Figure 3.24 CD spectra of 10 µM S3F-M2 RNA in the presence of increasing concentrations of the RGG
boxes of FMRP (A) and FXR1P (B).
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Figure 3.25 CD spectra of 10 µM S3F-M2 RNA in the presence of increasing concentrations of the
FXR2P RG.
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It is interesting to note that the FXR1P RGG peptide starts to unwind the G
quadruplex RNA structure at only 1:2 RNA: peptide ratio, whereas this effect occurs for
the FMRP RGG box at a 1:6 ratio. The FXR2P RG cluster does not seem to have any
effect on the G quadruplex structure of S3F-M2 RNA.
In a control experiment we treated the solution containing the 1:10 RNA: peptide
complexes with proteinase K, which degrades the RGG peptides, and re-acquired its CD
spectrum (corrected for the proteinase K contribution) to rule out the possibility that the
RNA is degraded in the presence of the large excess of the RGG peptides. The removal
of the RGG peptides, allows the free RNA to refold into a G quadruplex structure,
indicating that the spectral changes we observed in the presence of a large excess of the
RGG peptides are not due to RNA degradation and that the unwinding we observe in the
presence of the peptides is due to the G quadruplex structure unstacking.
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Figure 3.26 (A) 10 µM S3F-M2 RNA+ 100 µM FMRP RGG Box and (B) the 10 µM S3F-M2 RNA+100
µM FXR1P RGG Box with proteinase K (1µg) for 1 hour at 250C, to check for the degradation of the RNA.

53

Chapter 4
4.Microtubule Associated Protein 1B mRNA
4.1 The Microtubule Associated Protein 1B RNA forms an intramolecular G
quadruplex structure.

In 2001, Darnell et al. proposed that a sequence rich in guanine residues located
in the MAP1B mRNA 5’-untranslated region could fold into a G quadruplex stem-capped
structure that is recognized by the FMRP RGG box (44). In 2003, Ramos et al. used
NMR spectroscopy to demonstrate that a 43-mer MAP1B RNA oligonucleotide
containing this guanine rich sequence folds into a G quadruplex structure which is
recognized by the FMRP RGG box. Their observations, however suggested that
heterogeneity exists in the binding of the RGG peptide to this RNA, since the MAP1B
RNA existed in different conformations (45). In our studies we used a 34-mer MAP1B
RNA fragment which retains the guanine-rich sequence proposed to form a G quadruplex
stem capped structure. We introduced a point mutation at position 34 (G→C) to allow for
the formation of a perfect seven base pair stem (figure 4.1). This mutation was not
expected to affect the FMRP binding event, since it was shown that although a stem is
required, its sequence is not important for FMRP binding to G quadruplex forming RNA
(44).
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5’

3’

Figure 4.1 Secondary structure of the MAP1B RNA fragment (34-mer) used in this study, which was
generated using Zuker's algorithm, 2003 (83).

We investigated if the 34-mer MAP1B RNA still maintains the ability to form a G
quadruplex structure, by 1D 1H NMR spectroscopy, focusing on the spectral changes in
the imino proton region (figure 4.2). At 0 mM KCl, we observed only resonances
corresponding to Watson-Crick imino protons, confirming the presence of a stem
structure in MAP1B RNA. As the KCl concentration was increased to 4 mM a new set of
resonances appeared in the region 10.8-12 ppm, corresponding to imino protons of
guanines involved in G quartet formation, indicating that the 34-mer MAP1B RNA
fragment forms a G quadruplex structure. Samantha Mader, in her preliminary
experiments in our lab (personal communication), used 1D 1H NMR spectroscopy to
demonstrate that MAP1B RNA is in slow exchange between two different conformations
at KCl concentrations higher than 10 mM. Thus, to ensure the formation of a single
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MAP1B RNA conformer, all further experiments were performed in the presence of 10
mM KCl.

Watson-Crick imino protons

G quadruplex
imino protons

10mM KCl
8mM KCl
4mM KCl
1mM KCl

0mM KCl

Figure 4.2 Changes of the imino proton resonance region of the 1D 1H NMR spectrum of MAP1B RNA
(500 µM in 10 mM Tris, pH 7.5, 29°C) upon titrating increasing concentrations of KCl in the range of 0-10
mM.

To determine if the G quadruplex fold of MAP1B RNA is parallel or anti-

parallel, we monitored the spectral changes in the CD spectra of MAP1B RNA (10 µM
in 10 mM cacodylic acid, pH 6.5) upon the titration of increasing KCl concentrations in
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the range 0 - 10 mM. A positive band at 265 nm and a negative band at 240 nm were
observed, corresponding to a type I G quadruplex CD spectrum (88, 89). Even though
there are not enough intramolecular parallel type I high-resolution G quadruplex
structures available, some examples have been reported (90-93). The CD spectrum of
MAP1B RNA also shows a positive shoulder around 290 nm, a spectral feature that has
been previously reported for intramolecular G-quadruplexes with anti-glycosidic bonds
and external or “propeller” loops (94, 95). Alternately, this 290 nm shoulder could
originate from a minor G quadruplex conformation present in MAP1B RNA (indicated
by a star in the native gel electrophoresis gel shown in figure 4.19), which could be of
anti-parallel nature, showing thus a type II CD spectrum with a positive band at 295 nm

[θ] x 10-5 (deg cm2 dmol-1)

and a negative one at 260 nm (figure 4.3).
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Figure 4.3 CD spectra showing the type I G quadruplex formation by MAP1B RNA (10 µM RNA in 10
mM cacodylic acid, pH 6.5 in the presence of increasing concentrations of KCl ranging from 0 - 10 mM).
The KCl concentrations are indicated below the figure.
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To investigate, whether the fold in the G quadruplex structure in the MAP1B
RNA is intramolecular or intermolecular in nature, we used thermodynamic methods. It
has been shown that for an intermolecular species with n number of strands the melting
point of the G quadruplex structure, Tm, varies with the total RNA concentration (see
equation 1 in materials & methods), whereas for an intramolecular species (n=1), the Tm
does not depend on the RNA concentration (see equation 2 in materials & methods). First
we measured the heating (20-99°C) and cooling (99-20°C) curves of MAP1B RNA by
UV spectroscopy at 295 nm (57). The curves were super-imposable suggesting that the
heating rate of 0.2°C/minute used in all thermal denaturation experiments allowed for the
measurement of true equilibrium curves in MAP1B RNA (figure 4.4 A). A hypochromic
transition with a Tm ~ 67ºC was observed in the UV thermal denaturation profile of
MAP1B RNA in the presence of K+, which we attributed to the dissociation of a G
quadruplex structure (78). The hypochromic transition seen in the presence of K+ was not
observed in the thermal denaturation profile of MAP1B RNA folded in the presence of
Li+ ions, since typically these ions do not support the formation of a G quadruplex
structure (figure 4.4 B).A hyperchromic transition starting around 77°C is also observed
in the UV melting curve of MAP1B RNA, and initially we attributed this transition to the
melting of the MAP1B RNA stem structure. This hypothesis however, was not supported
when we monitored the imino proton resonance region of the MAP1B RNA 1D 1H NMR
spectrum, (where the stem and quadruplex imino protons give rise to distinct resonances),
as a function of temperature (figure 4.5). The Watson-Crick imino proton resonances
corresponding to the stem structure of MAP1B RNA completely disappeared above
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65°C, suggesting that the UV hyperchromic transition starting at 77°C does not originate
from the melting of the stem structure.
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Figure 4.4 (A) The heating and cooling UV thermal denaturation profiles of MAP1B RNA (10µM in 10
mM cacodylic acid, pH 6.5 and 10 mM KCl) (black diamonds 20-99°C, open triangles 99-20°C).(B) UV
thermal denaturation profile of MAP1B RNA (10 µM) in 10 mM cacodylic acid, pH 6.5) in the presence of
10 mM LiCl.
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Figure 4.5 1D 1H NMR spectrum showing the thermal denaturation profile of MAP1B RNA (365 µM
MAP1B RNA in 10 mM Tris, pH 7.5 and 10 mM KCl) in the range 30°- 70°C.
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We propose that, since the G quadruplex forming sequence of MAP1B RNA
contains a stretch of twenty purines (starting at G7) interrupted by a single C, it is
possible that upon the melting of the quadruplex structure, the liberated rG residues can
stack on their nearest rA neighbors and the melting of these rG-rA stacks could give rise
to the observed UV hyperchromic transition (47, 85, 86).
The melting temperature of the MAP1B RNA G quadruplex structure was
measured at various RNA concentrations in the range 3-100 µM. The Tm remained
constant at all RNA concentrations (figure 4.6), indicating the formation of an

intramolecular G quadruplex structure in MAP1B RNA (see equation 2 in materials &
methods). This result was also confirmed by native gel electrophoresis (data not shown).
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Figure 4.6 Plot of the MAP1B RNA G quadruplex melting temperature as a function of the RNA
concentration.
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The thermodynamic parameters for the MAP1B G quadruplex formation were
obtained by fitting the UV hypochromic transition in the range 56-79ºC observed in the
presence of K+ with equation 3 (materials & methods). The values of the enthalpy and
free energy of G quadruplex formation (∆H0 = -96.9 ± 0.1 kcal/mol and ∆G0 = -12.1 ± 0.1
kcal/mol) suggest that the structure of MAP1B RNA contains four to five G quartet
planes (the enthalpy of formation of a single G quartet plane in an intramolecular G
quadruplex, measured in similar experimental conditions, ranges from -18 to -25
kcal/mol, (87). However, the MAP1B RNA sequence does not seem to contain enough
uninterrupted four guanine stretches (figure 4.1) to fold in to a structure containing four
to five G quartet planes. We therefore propose that this structure might contain mixed
purine (adenine and guanine) quartets. These structural elements have also been proposed
to exist in the FMR1 mRNA and bind to the FMRP specifically and with high affinity
(43).
Next, we determined the number of specifically bound K+ ion equivalents in the
MAP1B RNA G quadruplex structure, by measuring the Tm of the RNA at different KCl
concentrations ranging from 0.1 mM-10 mM. A simple model for the folded to unfolded
G quadruplex MAP1B RNA structure was assumed, in which ∆n K+ ion equivalents are
released upon unfolding. ∆n can be determined from the slope of the plot of ∆G0 as a
function of logarithm of K+ ion concentration (96):
∆n =

d ln K eq
d ln [ K + ]

=−

∆∆G 0
2.3RT∆ log [ K + ]

(9)

where ln Keq = -∆G0/RT and ∆∆G0 / ∆ log [K+] is the slope of the plot of ∆G0 as a
function of logarithm of K+ ion concentration (figure 4.7). A ∆n value of 3.6 ± 0.2, was
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obtained, indicating that the MAP1B G quadruplex structure is coordinated by
approximately four K+ ion equivalents.

∆G0(kcal/mol)

-1

∆n ~4K+ ions
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Figure 4.7 Plot of ∆G0 as a function of the logarithm of K+ ion concentration. The number ∆n of K+ ion
equivalents released upon the unfolding of MAP1B RNA G quadruplex structure was determined from the
slope ∆∆G0 / ∆ log [K+].

5’ 3’

U6
G29

Figure 4.8 1H-1H NOESY NMR spectrum of MAP1B RNA (300 µM) in 10 mM Tris, pH 7.5 containing 10
mM KCl .
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We also performed a 2D1H-1H NOESY NMR experiment on MAP1B RNA to
obtain higher resolution information about its structure. The sample concentration was
found to be too low to obtain a high quality 2D spectrum (figure 4.8). Nonetheless, we
observe a strong NOE pattern that indicates the presence of a G-U base pair, which we
assign to U6 and G29.

4.2 Interactions of the G quadruplex forming MAP1B RNA with the FMRP RGG
box.

Our thermodynamic and CD spectroscopy results indicate that the 34-mer
MAP1B RNA maintains the ability to form an intramolecular parallel G quadruplex
structure, which contains four to five G quartet planes and is coordinated by ~ 4K+ ion
equivalents. This structure needs to be confirmed by the high-resolution structure
determination of this RNA.
Next, we performed a detailed thermodynamic study of the interactions between
the G quadruplex forming MAP1B RNA and the FMRP RGG box, by using fluorescence
spectroscopy. In these studies, the MAP1B RNA was labeled by the fluorescent analog 2
aminopurine (2AP) at position 19 (circled in figure 4.1), constructing MAP1B-19AP
RNA.
In control experiments, we demonstrated that the 2AP insertion does not affect the
secondary structure and stability of the MAP1B RNA by comparing the UV thermal
profiles and the CD spectra of MAP1B and MAP1B-19AP RNA. As seen in figures 4.9
A and B, the UV thermal melting profiles and the CD spectra of both RNAs were similar.
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Figure 4.9 (A) UV melting profiles and (B) CD spectra of MAP1B and MAP1B-19AP in 10 mM
cacodylic acid, pH 6.5 and 10 mM KCl.

We also determined by electromobility gel shift assay that the 2AP insertion in
MAP1B-19AP did not affect its ability to bind to the FMRP RGG box (figure 4.10).
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1:0
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Figure 4.10 Electrophoretic mobility gel shift analysis of the FMRP RGG box interactions with MAP1B
and MAP1B-19AP RNA. The RNA concentration was 10 µM for both MAP1B (lane 1) and MAP1B-19AP
RNA (lane 3).The FMRP RGG box added in a 1:2 RNA: peptide ratio shifted MAP1B (lane 2) and
MAP1B-19AP RNA (lane 4) in a similar manner. Both the gel and running buffer contained 10 mM KCl.
The gel was visualized by UV shadowing at 254 nm.
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We hypothesized that the environment of the 2-AP reporter will be different when
MAP1B RNA is folded in the presence of Li+ ions that do not promote G quadruplex
formation versus K+ ions (single stranded loop versus a G quadruplex-surrounding loop),
resulting in a difference in its steady-state fluorescence, since the quantum yield of 2AP
is very sensitive to its microenvironment. A two-fold change in the 2AP steady state
fluorescence was indeed observed when MAP1B-19AP RNA was folded in the presence
of K+ ions, as opposed to Li+ (figure 4.11A). We also performed a control experiment
using a 16 nt RNA named DLS_9AP, which has a 2AP incorporated between two
guanines (its sequence is described in the materials and methods section), but which
cannot form a G quadruplex structure. We observed that the steady-state fluorescence of
the 2AP incorporated in DLS_9AP is the same in the presence of 10 mM LiCl and 10
mM KCl (figure 4.11B), indicating that the observed changes in the 2AP steady state
fluorescence are due to the formation of the MAP1B G quadruplex structure, and not due
to an effect of the different ions.
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Figure 4.11 (A) The 2-AP at the 19th position reports on the G quadruplex structure formation, as indicated
by the change in its steady state fluorescence when MAP1B-19AP RNA is folded in the presence of KCl
(squares) as opposed to LiCl (plus sign). (B) The presence of different cations (Li+ versus K+) does not
affect the steady-state fluorescence intensity of a 2-AP reporter inserted in the non-quadruplex forming
DLS_9AP RNA.
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The binding of the FMRP RGG box to the MAP1B-19AP RNA was measured by
monitoring the 2AP steady state fluorescence changes upon titrating increasing amounts
of the FMRP RGG peptide (figure 4.12, black squares) into a fixed concentration of
MAP1B RNA (400 nM). The dissociation constant for the MAP1B RNA: FMRP RGG
complex, determined by fitting the binding curve with equation 4 (materials & methods),
was found to be Kd = 20.1 ± 6.4 nM, corresponding to a free energy of binding ∆G0obs= 10.4 ± 0.2 kcal/mol. This Kd is significantly lower than the value reported by Darnell et

al. (Kd = 500 nM) for the binding of either the full-length FMRP or of the isolated RGG
box domain to MAP1B RNA (44). One possible explanation for this discrepancy could
be the different experimental conditions of the binding assay. Darnell reports that their
binding measurements were performed in the presence of 200 mM K+, conditions in
which we show that MAP1B RNA exists in more than one conformation. Thus, the 500
nM value is likely an average for the binding of FMRP to these different MAP1B RNA
conformers. Our binding experiments performed under conditions where MAP1B exists
mainly as a single conformer in the presence of 10 mM K+.
To determine if the FMRP RGG box binds specifically to MAP1B RNA, we
measured the Kd values of the MAP1B RNA: FMRP RGG complex in the presence of a
10-fold excess of non specific RNAs, and in the presence of a 10-fold excess of the nonspecific peptide HCV peptide (sequence of this peptide is listed in the materials and
methods). We demonstrate that the presence of a 10-fold excess of the HCV core peptide
does not affect the binding of the FMRP RGG box to MAP1B RNA since the
dissociation constant measured in these conditions is Kd = 18.7 ± 6.7 nM (figure 4.12
(black crosses). The dissociation constant values of the MAP1B RNA-FMRP RGG
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complex were also measured in the presence of a 10-fold excess of two non-specific
RNAS: Munc 13 site 1 RNA and rComp4 RNA, which are described in the materials and
methods section. The Kd values measured in the presence of an excess of either RNA (Kd
= 23.0 ± 3.8 nM for Munc13 site 1 RNA and Kd = 19.0 ± 8.6 nM for rComp4 RNA) were
found to be similar to those measured in the absence of the non-specific RNAs. These
results indicated that the FMRP RGG box binds specifically and with high affinity to the
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Figure 4.12 Binding curves of the FMRP RGG box to MAP1B-19AP RNA in the absence (black squares)
and presence of a 10-fold excess of a non-specific Munc-13 site 1 RNA (black triangles) or of a nonspecific
HCV peptide (black crosses) or of rcomp4 sequence (black circles). These experiments were carried out at
25°C.
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Since the sequence of Munc 13 site 1 RNA is rich in Gs, we inquired if it is able to
form a G quadruplex structure. Thus, we monitored the 10-11.5 ppm region of its 1D 1H
NMR spectrum and found that indeed this RNA adopts a G quadruplex structure in the
presence of 10 mM K+, as evidenced by the presence of tetrad guanine imino proton
resonances (figure 4.13A). This result was confirmed by CD spectroscopy, since the CD
spectrum of the Munc 13 site 1 RNA revealed a type I parallel G quadruplex fold
signature (figure 4.13B). The finding that the dissociation constants for the FMRP RGG
box binding to the MAP1B RNA in the presence a 10-fold excess and the absence of
Munc 13 site 1 RNA are similar suggests that the FMRP RGG box is able to distinguish
among different type I parallel fold G quadruplex structures. It is not known if the FMRP
recognition of its G quadruplex forming mRNA targets involves a structure-specific
mechanism (FMRP would recognize the unusual G quadruplex “shape” of the RNA) or a
sequence-specific mechanism (the G quadruplex would function to properly expose the
nucleotides located in its surrounding loops to FMRP) or a combination of both
mechanisms. Although both have a type I parallel fold, our finding that FMRP RGG box
binds with high affinity to the MAP1B RNA G quadruplex, but not to the Munc 13 site 1
RNA G quadruplex, indirectly suggest a sequence-specific mechanism of recognition.
However, only the high-resolution structure of the FMRP RGG box-MAP1B RNA
complex will confirm the molecular details of their association.
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Figure 4.13 (A) Imino proton resonance region of the 1D 1H NMR spectrum of Munc 13 site 1 RNA
(263µM) in 10 mM Tris, pH 7.5 and 10 mM KCl. (B) CD spectra showing the type I G quadruplex
formation by Munc 13 site 1 RNA (10 µM RNA in 10 mM cacodylic acid, pH 6.5 in the absence and
presence of 10 mM KCl, respectively).
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We tested in a control experiment whether Munc-13 site 1 RNA competes with
the G quadruplex structure of MAP1B RNA for the FMRP RGG box or determine if
Munc-13 site 1 RNA can displace the MAP1B RNA. First, we titrated an excess of the
FMRP RGG box to a fixed concentration of MAP1B RNA until it reached saturation, and
then titrated increasing concentrations of the Munc-13 site 1 RNA, up to 10-fold excess
over the MAP1B RNA concentration. The steady-state fluorescence of the 2-AP did not
change indicating that the FMRP RGG box binds specifically and with high affinity to
the MAP1B RNA (figure 4.14).
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Figure 4.14 Increasing concentrations of Munc-13 site 1 RNA were titrated in to the MAP1B RNA-FMRP
RGG Box complex.
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Next, to obtain a more complete description of the forces driving the association
between MAP1B-19AP RNA and the FMRP RGG box, we have determined the
enthalpic and entropic contributions to the free energy of binding. The equilibrium
association constant, Kobs = 1/Kd, was measured as a function of temperature, in the range
20-45ºC. When the standard enthalpy, ∆H0obs and entropy, ∆S0obs do not depend on
temperature, the van’t Hoff plot which shows the dependence of ln(Kobs) upon 1/T is
linear. However, the van’t Hoff plot for the FMRP RGG box binding to MAP1B RNA is
non-linear (table 4.1) , indicating that ∆H0obs and ∆S0obs depend on temperature (figure
4.15 A).

Temperature (0C)

Kd (nM)

20

21.0 ± 5.8

25

20.6 ± 6.5

30

22.5 ± 3.3

35

24.3 ± 3.7

40

27.4 ± 8.2

42

56.3 ± 14.0

45

62.4 ± 22.0

Table 4.1 The binding association constant was measured, Kobs = 1/Kd for the MAP1B-19AP RNA FMRP RGG box complex, as a function of temperature, in the range 20-45ºC.
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To determine the entropy and enthalpy changes at different temperatures, the nonlinear van’t Hoff plot was fit with equation 8 (materials and methods). The heat capacity
change of the system, ∆C p0 obs , and the temperatures, TH and TS, at which the enthalpy and
entropy do not make any contributions to the energy of the system were obtained from
this fit. The values, ∆C p0 obs = -1.0 ± 0.2 kcal/mol K, TH = 296 ± 2 K (23°C) and TS = 307
± 1 K (34°C) were then used in equations 6 and 7 (materials and methods) to obtain

∆H0obs and ∆S0obs at various temperatures. The standard entropy and enthalpy changes
vary drastically with the temperature, while the binding free energy remains constant
(figure 4.15B). This entropy-enthalpy compensation indicates a change in the nature of
forces driving the complex formation: below 23°C entropy-driven (∆S0obs>0) and
enthalpy-opposed (∆H0obs>0), between 23°C and 34°C entropy- and enthalpy-driven
(∆H0obs<0 and ∆S0obs>0), and above 34°C enthalpy-driven (∆H0obs<0) and entropyopposed (∆S0obs<0). The FMRP RGG box-MAP1B RNA association at the physiological
temperature is enthalpically driven with an unfavorable entropic contribution. This
phenomenon has also been reported for the G quadruplex forming RNA targets of the
FMRP RGG Box namely the Sc1 RNA (46) and semaphorin 3F RNA (47).
Hydrophobic interactions are likely significant in the FMRP RGG box-MAP1B
RNA association, as indicated by the large negative value of ∆C p0 obs = -1.0 ± 0.2 kcal/mol
K. ∆C p0 obs has been related to the change in polar (∆Ap) and non-polar (∆Anp) surface
area (Å2) occurring during complex formation (97):
∆C p0 obs = 0.32 ∆Anp − 0.14 ∆Ap

(10)
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A large negative value for ∆C p0 obs can be obtained from a large (-∆Anp) value,
which results from hydrophobic interactions that bury the nonpolar surface of the forming
complex and reduce exposure to water (81, 97, 98). However, in this process the
expulsion of ordered water molecules from the binding surfaces typically contribute
favorable changes in entropy (97). The finding that unfavorable changes of ∆S0obs are
observed for the FMRP RGG box: MAP1B RNA complex formation at the physiological
temperature indicates that structural changes in the peptide and/or RNA are likely
associated with the binding event. Such structural changes could result in the restriction
of molecular motion, and/or could affect the ionic and/or hydration shells around the
complex by enhancing the association of ions and additional water molecules with the
complex. The sequence analysis of the FMRP RGG box (materials and methods) does not
reveal obvious amino acid residues that could become involved in stacking interactions
with the MAP1B RNA bases. One possible candidate is Phe549, or alternately, the
guanidino group of some of the RGG box Arg residues might stack with bases located in
the G quadruplex surrounding loops.
Next, we evaluated the role played by electrostatic interactions in the FMRP RGG
box-MAP1B RNA complex formation, since the FMRP RGG box is rich in basic
residues and the RNA is an anionic polymer. We measured the association constant of the
complex, Kobs, in the presence of increasing cation [M+] concentrations. The slope
(-∂logKobs/ ∂log [M+]), known as the salt-dependence, is related to the number of
electrostatic

interactions

that

stabilize
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the

peptide-RNA

complex

(99).
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Figure 4.15 (A) Non linear van’t Hoff plot, showing the temperature dependence of the association
constant, Kobs =1/Kd , for the MAP1B-19AP RNA: FMRP RGG complex, in the range of 20-45°C. The
∆C°pobs = - (1.0 ± 0.2) kcal/ mol K, TH (K) = (296 ± 2); TS (K) = (307 ± 1) values were determined by fitting
this plot with equation 8 (B) Dependence of the entropy, enthalpy and free energy of the MAP1B-19AP
RNA: FMRP RGG complex formation on temperature.

Since MAP1B RNA forms alternate species, in the presence of K+ concentrations
above 10 mM, the cation concentration [M+] was varied in the range 10 to 1000 mM by
the addition of increasing concentrations of Li+ ions. A change in the dissociation
constant, from 20 nM in the presence of 10 mM [M+] to 38 nM in the presence of 1000
mM [M+] was observed for the FMRP RGG box: MAP1B-19AP RNA complex. The
slope of this plot corresponded to a value (-∂logKobs/ ∂log [M+]) of ~0.2. In protein-RNA
complexes, where the electrostatic interactions are not significant, values from 0 to 2 (-

∂logKobs/ ∂log [M+]) have been measured (99-102). The difference in the free energy
∆∆G0obs in the presence of 10 mM and 1000 mM [M+] was calculated to be ~ 0.4
kcal/mol, representing a mere 3% of the total binding free energy. We conclude thus, that
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electrostatic interactions do not play a dominant role in the association between the
FMRP RGG box and MAP1B RNA. The electrostatics have also been shown to have
minor contributions in the binding of the FMRP RGG box to two other G quadruplex
forming RNAs, Sc1 RNA and Semaphorin 3F RNA (46,47).

Total salt
concentration (mM)
10

Kd (nM)
20.6 ± 6.5

75

24.5 ± 5.0

150

31.5 ± 7.5

400
1000

34.6 ± 8.1
34.7 ± 8.1

Table 4.2 Binding of FMRP to the MAP1B-19 AP was measured at different salt concentrations to
determine the role of electrostatic interactions in the complex formation. Salt composition =10mM KCl +
variable LiCl (mM)

We have also investigated if the FMRP RGG box binding affects the stability of
the G quadruplex structure of MAP1B RNA, by measuring the melting temperature of the
RNA G quadruplex structure in the MAP1B-FMRP RGG box complex, by UV
spectroscopy. This melting temperature was ~71ºC, which corresponds to a free energy
of G quadruplex formation of ∆G0 = -13.3 ± 0.1 kcal/mol (figure 4.17). Thus, we
conclude that the binding of the FMRP RGG box in a 1:1 ratio to MAP1B RNA induces
a slight stabilization of the RNA G quadruplex structure.
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Figure 4.16 (A) The binding of FMRP RGG box to MAP1B-19AP was measured at 25°C in the presence
of different salt concentrations [M+] (Salt composition: 10 mM KCl + variable mM LiCl mM) in the range
10 mM to 1000 mM [M+]. A value of (-∂logKobs/ ∂log[M+]) of ~0.2 was determined from the linear fit of
the plot. (B) The results from the fluorescence experiments were also confirmed by EMSA. Lane 1 MAP1B RNA (10 µM), Lane 2 - MAP1B RNA + FMRP RGG (10 mM KCl), Lane 3 - MAP1B RNA +
FMRP RGG (150 mM KCl), Lane 4 -MAP1B RNA + FMRP RGG (400 mM KCl ), Lane 5 - MAP1B
RNA + FMRP RGG (1000 mM KCl).
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Figure 4.17 UV melting profile of MAP 1B RNA (black squares) and the MAP1B RNA + FMRP RGG
Box (purple squares).
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Molecule

Tm(0C)

∆H0f
(kcal/mol)

∆S0f
(calmol-1K-1)

∆G0f
(kcal/mol)

MAP1B

67.4 ± 0.1

-96.9 ± 0.1

-284.6 ± 0.2

- 12.1 ± 0.1

MAP1B+FMRP RGG

71.5 ± 0.1

-98.1 ± 0.1

-284.8 ± 0.2

- 13.3 ± 0.1

Table 4.3 Thermodynamic parameters for the binding of FMRP RGG Box to the MAP1B RNA.

However, our CD spectroscopy results showed that upon titrating an excess of the
FMRP RGG box (RNA: peptide ratios higher than 1:8) a reverse effect is induced, the G
quadruplex structure of the MAP1B RNA being unfolded (figure 4.18A). To ensure that
the reduction of the 265 nm band intensity observed in the presence of an excess of the
RGG box peptide was not due to the RNA degradation, we treated the sample containing
a ratio of 1:10 MAP1B RNA-FMRP RGG peptide with proteinase K, which degrades the
RGG box peptide. As seen in figure 4.18B, the MAP1B G quadruplex structure refolds
upon the FMRP RGG peptide degradation, giving rise to the same CD spectrum as that of
the free MAP1B RNA. We have also confirmed this result by NMR spectroscopy (figure
4.18C) upon increasing the FMRP RGG box concentration, the sharp resonances centered
~ 11.5 ppm (corresponding to guanine imino protons involved in Hoogsteen hydrogen
bonds in the G quadruplex structure) disappear, indicative of the unfolding of the G
quadruplex structure. Interestingly, the MAP1B RNA stem structure remains unaffected,
suggesting that the interactions of the FMRP RGG box are limited to the G quadruplex
structure. A similar effect of G quadruplex unfolding at high RNA: FMRP RGG peptide
ratio was observed for the binding of the FMRP RGG box to the G quadruplex forming
Semaphorin 3F RNA and Sc1 RNA (47 and data not shown). We have attempted to
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speculate on a possible biological function for the G quadruplex RNA structure
stabilization at low FMRP RGG box concentrations and its unwinding at high FMRP
RGG box concentrations in the conclusions section of this study.
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Figure 4.18 (A) CD spectra of 10 µM MAP1B RNA in the presence of increasing concentrations of the
FMRP RGG box. (B) 10 µM MAP1B RNA+100 µM FMRP RGG Box was incubated with proteinase K
(1µg) for 1 hour at 250C to check if the addition of an excess of the FMRP RGG box causes the RNA
degradation. (C) Imino proton resonance region of the 1D 1H NMR spectra of MAP1B RNA in the
presence of increasing concentrations of the FMRP RGG box.
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4.3 Interactions of the FMRP autosomal paralogs, FXR1P and FXR2P with MAP1B
RNA.

To determine if the recognition of the MAP1B G quadruplex structure is unique
to the FMRP RGG box or if it is a property shared by the FMRP autosomal paralogs
FXR1P and FXR2P, we first performed gel electrophoresis shift assay. Our results
indicated that the MAP1B RNA is bound by both the FXR1P RGG box and by the
FXR2P RG cluster, respectively (figure 4.19, compare lanes 3 with 4 and lanes 5 with 6).
The FXR1P has an RGG box domain and FXR2P has an RG cluster.

FMRP RGG Box FXR1P RGG Box FXR2P RG Cluster

1

2

3

4

5

6

Figure 4.19 EMSA of the binding of MAP1B RNA by the FMRP RGG box (lanes 1 & 2), FXR1P RGG
box (lanes 3 & 4) and FXR2P RG cluster (lanes 5 & 6).

Fluorescence spectroscopy was used to determine the binding curves of the
FXR1P RGG and FXR2P RG cluster to MAP1B-19AP RNA. Increasing amounts of each
peptide were added to a fixed amount of MAP1B-19AP RNA (figure 4.20A and B). The
dissociation constants of the MAP1B RNA: FXR1P RGG box complex, Kd = 73.1 ± 10.1
nM, and of the MAP1B RNA: FXR2P RG cluster complex, Kd = 127.1 ± 45.0 nM, were
determined by fitting the binding curves with equation 4 (materials & methods),
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indicating that the MAP1B RNA is recognized by FXR1P and FXR2P with high affinity.
However, among the fragile X protein family, FMRP has the highest affinity for this
RNA (Kd = 20.1 ± 6.4 nM). The free energy of binding for the association between the
FXR1 RGG box and the MAP1B RNA was determined to be ∆G0 = -9.7 ± 0.2 kcal/mol.
The free energy of binding between the FXR2 RG cluster and the MAP1B RNA was
determined to be ∆G0 = -9.4 ± 0.2 kcal/mol.
Next, we evaluated if the binding between the FXR1P RGG box and FXR2P RG
cluster and the MAP1B-19AP RNA was specific in nature by measuring their binding
curves in the presence of a 10-fold excess of either non-specific RNA (Munc13 RNA and
rComp4 RNA), or of the non-specific HCV core peptide (figure 4.20A and B). The
dissociation constants, obtained by fitting the binding curves with equation 4 (reported in
the figure 4.20 legend) were found to be larger than those measured in the absence of the
excess of non-specific RNA or peptide. The values remain in the nanomolar range,
indicating that some specificity exists in the recognition of MAP1B-19AP by the FXR1P
RGG box and the FXR2 RG cluster. Other G quadruplex forming RNA targets, such as
Semaphorin 3F (47) and Sc-1 (46), have also been shown to be bound by FXR1P;
however, to our knowledge this is the first report demonstrating that the FXR2P RG
cluster binds to a G quadruplex forming RNA target of FMRP.
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Figure 4.20 (A) Binding of the FXR1P RGG box to MAP1B-19AP RNA in the absence and presence of a
10-fold excess of Munc-13 site 1 RNA, rcomp4 single-stranded RNA , or HCV peptide (B) Binding of the
FXR2P RG cluster to MAP1B-19AP in the absence and presence of a 10-fold excess of Munc-13 site 1
RNA , rcomp4 single-stranded RNA , or HCV peptide.

We wanted to analyze the effect of FXR1P RGG box and FXR2 RG cluster upon
the G quadruplex structure of MAP1B RNA. Thus, we added each of the peptides to the
RNA in a 1:1 ratio and monitored the effect of the peptides at 295 nm by UV
spectroscopy. Like the FMRP RGG box, both the FXR1P RGG box and the FXR2 RG
cluster were also found to slightly stabilize the MAP1B RNA G quadruplex structure
(table 4.4).
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Figure 4.21 (A) UV melting profile of free 20 µM MAP1B RNA (black trace) and in a 1:1 ratio with the
FXR1P RGG box (green trace). (B) UV melting profile of free 20 µM MAP1B RNA (blue trace) and in a
1:1 ratio with the FXR2P RG (red trace).

Molecule

Tm(0C)

∆H0f
(kcal/mol)

∆S0f
(calmol-1K-1)

∆G0f
(kcal/mol)

MAP1B

67.4 ± 0.1

-96.9 ± 0.1

-284.6 ± 0.2

- 12.1 ± 0.1

MAP1B+FXR1 RGG

70.8 ± 0.1

-83.7 ± 0.1

-243.4 ± 0.2

- 11.2 ± 0.1

MAP1B+FXR2 RG

70.0 ± 0.1

-91.2 ± 0.1

-265.8 ± 0.2

- 12.0 ± 0.1

Table 4.4 Thermodynamic parameters for the binding of FXR1P RGG box domain and the FXR2 RG
cluster to the MAP1B RNA.

We have observed that when present in excess, the FMRP RGG box unwinds the
MAP1B G quadruplex structure. To determine if the MAP1B RNA is affected in the
same manner by the binding of FXR1P RGG box and of the FXR2P RG cluster, we
titrated increasing amounts of each peptide to a fixed concentration of the RNA,
monitoring the CD spectral changes. The G quadruplex structure of MAP1B RNA is
completely unfolded by the presence of a 1:4 ratio of RNA: FXR1P RGG box, whereas it
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remains unchanged even at a ratio of 1:10 RNA: FXR2 RG cluster (figure 4.22A and B).
To ensure that the spectrum observed at 1:10 ratio of RNA: FXR1 RGG box is not due to
RNA degradation, we performed a control experiment treating the sample containing a
1:10 ratio of RNA: FXR1 RGG box with proteinase K. We observed that upon the
degradation of the RGG peptide, the G quadruplex structure of MAP1B RNA reforms,
indicating that the spectral changes observed initially are not due to the RNA degradation
(figure 4.23). It is noteworthy that the FXR1P RGG box has the ability to completely
unfold the MAP1B RNA structure at only 1:4 RNA: peptide ratio as compared to the
FMRP RGG box unwinding the MAP1B RNA at 1:8 ratio (32).
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Figure 4.22 (A) CD spectra of MAP1B RNA in the presence of increasing concentrations of the FXR1P
RGG box and (B) of the FXR2P RG cluster.
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Figure 4.23 10 mM MAP1B RNA+ 100 mM FXR1P RGG Box with proteinase K (1 mg) for 1 h at 25°C,
to check for the degradation of the RNA.
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Chapter 5
5. Conclusions

RNA-binding proteins perform a variety of essential functions in the cell and
regulate all aspects of RNA synthesis, such as mRNAs transcription, splicing, editing,
and their translation into proteins. A striking example of the importance of RNA-binding
proteins is the Fragile X Mental Retardation Protein (FMRP) - the loss of this protein,
leads to the onset of Fragile X syndrome (FXS). The resulting effects are powerful,
ranging from learning difficulty and hyperactivity to severe mental retardation in
individuals. The cellular role of FMRP and how the absence of this protein causes mental
retardation is poorly understood to this date (10). FMRP associates with polyribosomes
and is involved in the translational repression of specific messenger RNA targets,
important for neuronal development. The loss of this protein would cause defects in the
proper translation of many mRNAs, thus explaining the pleiotropic phenotype associated
with FXS. The specific mechanism by which FMRP recognizes its target RNAs and
regulates their translation remains elusive, and has been a subject of continuous interest.
Biochemical studies determined that FMRP binds with high affinity, using its RGG box
RNA binding domain, to RNA sequences that have the potential to form G quadruplex
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structures (44). This study contributes to the understanding of the molecular basis of

FMRP recognition of its mRNA targets and the role played by the G quadruplex structure
in this process. This is of particular interest in the context of fragile X syndrome research,
because it contributes to our ability to identify other in vivo targets of FMRP.
The human semaphorin 3F mRNA and the microtubule associated protein 1B
RNA have been identified both in vivo and in vitro as potential mRNA targets of FMRP
and it has been proposed that their interactions with FMRP RGG box occur in a G
quadruplex dependent manner (44).
We performed a detailed analysis of the FMRP interactions with S3F and MAP1B
RNA targets by using molecular biology techniques and biophysical methods such as
UV, circular dichroism, fluorescence and NMR spectroscopy. We demonstrated that both
S3F and the MAP1B RNA adopt in vitro intramolecular-parallel G quadruplex
structures capped by a stem structure. Our thermodynamic analysis is consistent with the
presence of four G quartet planes in the G quadruplex structure of MAP1B RNA,
coordinated by approximately four K+ ion equivalents and of two G quartet planes in the
S3F RNA structure (32, 47).
The properties of the RGG box RNA binding motif were then characterized in the
context of specific binding to RNA. Dissecting the interactions between the FMRP RGG
box and its mRNA targets revealed that this RNA binding motif binds specifically and
with high affinity to the G quadruplex forming S3F and MAP1B RNA targets. At the
physiological temperature the complex formation is enthalpically driven with an
unfavorable entropic contribution. The analysis of the intricacy of the interactions,
formed between the mRNA targets and the FMRP RGG box revealed that hydrophobic
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effects are significant, whereas electrostatic interactions have only a minor contribution,
to the overall stability of these complexes. To our knowledge, these two studies are the

first reports showing that the RGG box RNA binding domain binds specifically to an RNA
target.
Next, we investigated, if FMRP RGG box binding has any influence upon the G
quadruplex structures of S3F and MAP1B RNA, our results indicating that in a 1:1 ratio
the FMRP RGG box stabilizes the G quadruplex structures of both RNAs, to a larger
extent for S3F than for MAP1B RNA. However, the addition of super stoichiometric
amounts the FMRP RGG box leads to the unwinding of the G quadruplex structures of
the S3F and MAP1B RNA and of another proposed mRNA target, namely Sc-1 RNA
(data not shown). Based on these findings we propose a possible mechanism by which
the control of FMRP concentrations in the cell might facilitate its translational regulator
function.
FMRP has been proposed to be involved in the transport of specific mRNA
targets to distant sites (as part of a large mRNP complex) where these mRNAs have to be
maintained in a repressed state until synaptic input triggers their translation. According to
our results, if the FMRP stabilization of the mRNA G quadruplex structure is associated
with translation inhibition, then its unwinding could allow mRNA translation. Thus, a
variation in the cellular concentration of FMRP, for example in response to a
neurotransmitter stimulation event, could act as a regulatory switch for FMRP function,
from translation repressor at low protein: RNA ratios, to translation promoter at high
protein: RNA ratios (figure 5.1).
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This model is supported by several studies showing that in response to application
of glutamate or metabotropic glutamate receptor (mGluR) agonist (103,104), there was a
rapid increase in FMRP synthesis locally in synaptoneurosomes indicating a regulation of
FMRP concentration in response to synaptic stimulation. This local protein synthesis was
then followed by a rapid decrease in FMRP levels back to baseline, suggesting a dynamic
regulation of the FMRP concentration (104). Our model is thus consistent with this
proposal where FMRP could bind and stabilize the G quadruplex structure present in a
sub-set of its specific mRNA targets, maintaining them in a translationally repressed state
(figure 5.1A). An increase in the FMRP concentration triggered by synaptic input, would
lead to the unwinding of the G quadruplex structure of these mRNA targets, promoting
their translation (figure 5.1B).
According to our model, the synaptically-triggered local protein synthesis from a
G quadruplex containing class of FMRP mRNA targets would depend on the presence of
a high FMRP concentration. Thus, the model predicts that in the absence of FMRP, the
levels of these proteins will be unaffected by a neurotransmitter stimulation event.
Consistent with this prediction, several studies have showed that the Fmr1 knockout mice
were deficient in their ability to induce local-protein synthesis of FMRP mRNA targets
after stimulation of glutamate receptors (104-106) or of the NMDA-receptor (106).
A model which proposes the existence of a regulatory switch for the FMRP
function from translation repressor to activator in response to the activation of mGluR
has also been reported recently (33). These authors propose that the rapid degradation of
FMRP observed after the stimulation of the mGluR, leads to the translation of the FMRP
mRNA targets. This model (33) does not account for the observed initial surge in the
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FMRP concentration (prior to its degradation and return to basal levels) in response to the
stimulation of the mGluR. Our results suggests a functional role for the observed
increase, followed by decrease in the FMRP concentration in response to
neurotransmitter receptor stimulation, and the model we propose explains how such a
switch of FMRP function could operate, at least for a subset of FMRP RNA targets that
contain a G quadruplex structure.

B

A

Figure 5.1 Proposed model for a regulatory switch of FMRP function from translation repressor to
activator, in response to a neurotransmitter stimulation event. (A) In resting state when the FMRP:RNA
ratio is low, FMRP represses the translation of specific mRNA targets by stabilizing a G quadruplex
structure present in their 5’-UTR. (B) A stimulation of the mGluR by agonists leads to an increase in the
FMRP concentration, unfolding the RNA G quadruplex structure, and allowing translation to occur.
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The future goal of this project is to determine high-resolution structure of MAP1B
RNA. We have already expressed and purified sufficient amounts of MAP1B RNA for
NMR spectroscopy studies and we have established the experimental conditions in which
this RNA forms a single species. We have confirmed that MAP1B RNA forms a G
quadruplex structure by titrating increasing concentrations of KCl into a MAP1B RNA
solution. High-resolution information about the interactions of MAP1B RNA and the
FMRP RGG Box will be obtained using chemical shift perturbation methods.

The FMRP autosomal paralog, the FXR1P also specifically recognizes the S3F
and the MAP1B RNA, albeit with a lower affinity as compared with FMRP. The RGG
box of FXR1P acts in a similar fashion to the FMRP RGG Box by completely unwinding
the G quadruplex structure of S3F and the MAP1B RNA. The FXR2 RG cluster
recognizes specifically the MAP1B RNA but does not bind to the S3F mRNA. This RG
cluster has no effect upon the G quadruplex structure of S3F and MAP1B RNA.
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